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Abbreviations 
AC:   Ailsa Craig 
bp:   base pair 
CAPs:   Cleaved Amplified Polymorphic Sequences 
cDNA:   Complementary DNA 
cM:   centi-morgan  
DAF:   days after flowering 
DAP:   days after planting 
dCAPs:   derived Cleaved Amplified Polymorphic Sequence 
EMS:    ethylmethane sulfonate 
EtBr:   ethidium bromide 
NBRP:   National BioResource Project 
PCR:   polymerase chain reaction 
SGN:    Solanum Genomics Network 
Slelf1:   Solanum lycopersicum elongated fruit 1 
Slelf2:   Solanum lycopersicum elongated fruit 2 
Slelf3:   Solanum lycopersicum elongated fruit 3 
SSR markers:   Simple Sequence Repeat markers 
TAE:   Tris-Acetate-EDTA buffer 
TBE:   Tris-Borate-EDTA buffer 
TEMED:  N, N, N’, N’ – tetramethylethylenediamine 
TES markers:   tomato Expressed sequence tag (EST)-derived SSRmarkers 
TGS marker:   tomato Genome-derived SSR markers 
qRT-PCR:   quantitative real-time polymerase chain reaction  
WT:    wild type 
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1.1 General introduction 
The cultivated tomato, Solanum lycopersicum L., is the second most consumed 
vegetable worldwide and well-studied crop species in term of genetics, genomics, and 
breeding. Tomato belongs to the nightshade family Solanaceae, which is in division 
Magnoliophyta, class Magnoliopsida, subclass Asteridae, order Solanales, and suborder 
Solanineae (review by Fooled, 2007). The extremely diverse and large Solanaceae family is 
believed to consist of 96 genera and over 2800 species in three subfamilies, Solanoideae, 
Cestroideae, and Solanineae (Knaap et al. 2004). Among all plant families, members of the 
Solanaceae are extremely diverse in terms of growth habit (from trees to small annual 
herbs), habitat (from deserts to the wettest tropical rain forest), and morphology (Knaap et 
al. 2004). Many Solanaceous species have played important roles as model plants, 
including tomato, potato, pepper, tobacco, and petunia. 
 
Tomato has been an excellent model system for both basic and applied plant 
research. This has been due to many reasons including simple of culture under a wide range 
of environments, short life cycle, photoperioid insensitivity, high self fertility and 
homozygosity, great reproductive potential, unsophisticated of controlled pollination and 
hybridization, diploid species with a rather small genome (950 Mb) (Peterson et al 1998), 
lack of gene duplication, amenability to asexual propagation and whole plant regeneration 
(McCormick et al. 1986), the ability to develop haploids and availability of a wide array of 
mutants (Menda et al. 2004) and genetic stocks.  
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Fruit quality has been a major focus of most tomato breeding programs. Major 
fruit quality characteristics of interest to both processing tomato industrials and fresh 
market include fruit size, shape, color, ripening, firmness, total solids, texture, nutritional 
quality and flavor. Fruit shapes of tomato cultivars can range from round to plum, ovate, 
oblate or stuffer, pear and long fruit-shaped. The Asian Vegetable Research and 
Development Center (www.avrdc.org), the world vegetable center, has developed 
outstanding tomato lines in term of fresh market, processing and dual propose tomato. So 
far, their released several lines which produced long, oblong or oval fruit shapes. Moreover, 
long fruit is one of the most common recurring shapes, and this shape can be found in 
recent varieties of melon, pumpkin, eggplant and other fruit-bearing plants. However, little 
is known about the molecular mechanism of long fruit morphology. 
 
1.2 Genes controlling fruit shape variation in tomato 
Tomato varieties have been classified into shape categories based on fruit 
morphology described by the International Union for the Protection of new Varieties of 
Plants (UPOV) and the International Plant Genetic Resources Institute (IPGRI; IPGRI, 
1996; UPOV, 2001). In addition to the fruit shape categories, tomatoes have also been 
categorized into germplasm classes based on their geographic origin and/or age. Four genes 
that control tomato fruit shape have been cloned. FASCIATED (FAS) and LOCULE 
NUMBER (LC) control flat shape and fruit locule number, whereas SUN and OVATE 
control elongated shape. The allele distribution of SUN, OVATE, LC, and FAS was strongly 
associated with the fruit shape classification of the UPOV and IPGRI as previous described 
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by Rodriguez et al. (2011) (Figure 1.1). 
 
The OVATE gene was recently cloned, and a single nucleotide mutation in OVATE 
leads to a premature stop codon, resulting in the transition of tomato fruit from round to 
pear-shaped; this mutation has also been shown to correspond to a new class of nucleus-
localized, putative regulatory proteins. Over-expression of OVATE reduced the size of the 
floral organs and leaflets; therefore, OVATE is considered to be a negative regulator of 
plant growth (Table 1.1) (Liu et al. 2002). This gene is expressed from the early stages of 
flower development at approximately less than -10 DAF through the first 2 weeks after 
anthesis (Liu et al. 2002). It has been further shown that OVATE encodes a protein with a 
60-70 amino acid C-terminal domain, termed the OVATE domain (Wang et al. 2007). 
 
The cloning of SUN revealed the elongated fruit phenotype is caused by 24.7 kb 
gene duplication that caused SUN to be controlled by the promoter of the defensin (DEFL1) 
gene, leading to its high expression in the fruit (Xiao et al. 2008; Jiang et al. 2009; Wu et al. 
2011). The changes in fruit shape associated with SUN occur after pollination, during the 
cell division stage of fruit development (van der Knaap and Tanksley 2001), and the effects 
of this expression change can be observed in developing fruit five days after plant 
flowering (Xialo et al. 2009). Phenotypic analysis of SUN near-isogenic lines showed that 
high SUN expression leads to fruit elongation by increasing the cell number in the 
longitudinal direction and reducing the cell number in the transverse direction of the fruit 
(Table 1.1). Overexpression of SUN results in slender cotyledons and leaflets, as well as 
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extremely elongated, seedless fruits (Wu et al. 2011). 
 
Fruit locule number and flat shape are controlled by the FASCIATED (FAS) and 
LOCULE NUMBER (LC). A mutation in FAS results in flat tomato due to an increase in 
locule number which affects fruit mass (Lippman and Tanksley 2001; Cong et al. 2008). 
FAS belong to the YABBY gene families and the mutation is caused by 6-8 kb insertional in 
the first intron of YABBY resulting in down regulation of the gene (Table 1.1). Most of the 
tomato large-fruited carried the fas allele is associated with highly locule fruit (Barrero and 
Tanksley 2004). LC regulate stem cell fate in plants, This mutation were found to be 
controlling the locule number phenotype which due to the two single-nucleotide 
polymorphisms (SNPs) located approximately 1,200 bp downstream of the stop codon 
(Mayer et al. 1998). 
 
Rodriguez et al. (2011) have been reported the model of the evolution of fruit 
shape variation in tomato (Figure 1.2) and suggested that the tomato domestication most 
likely occurred in Latin America starting with round wild-type tomato. LC arose first, 
resulting in round or flat tomatoes. The OVATE mutation arose in a different ancestral 
population than LC, resulting in ellipsoid fruit. FAS arose in LC background around the 
same time as OVATE, resulting in flat and highly loculed fruit. The presence of OVATE, 
LC, and FAS mutant alleles in the Latin American germplasm suggest they arose early or 
prior to domestication of tomato. The SUN mutation arose postdomestication in Europe, 
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most likely in the LC background of a cultivated tomato and resulting in long fruit. It is also 
possible that SUN arose in the LC and FAS mutant background, resulting in an oxheart fruit 
(Figure 1.2). 
 
1.3 Tomato mutants and ethylmethane sulfonate (EMS) mutagenesis 
Mutant-base studies are the most classical and probably the most reliable genetic 
tool for accessing biological information in plants, and tomato is accountability. However, 
as for every model organism, comparative studies using tomato mutants tend to be limited 
by the difference in genetic backgrounds, given that the same gene function can have 
diverse effects depending on epistatic interaction with other genes (Tonsor et al. 2005). By 
using a series of tomato mutants in a unique background, the Micro-Tom cultivar 
encompasses a powerful and ready-to-use toolkit for studying plant genetics and 
physiology. Mutants can be classified base on the spontaneous or induced methods. 
Ethylmethane sulfonate (EMS) is common mutagen that generated a wide spectrum of 
mutation with high efficiency to induced point mutation causing mispair with their 
complementary bases, resulting in base change after replication (Greene et al. 2003) 
 
The convenient small size and amenability to large scale cultivation are found in 
tomato cv. Micro-Tom according to its rapid life cycle and high-throughput capabilities 
indicate that Micro-Tom is a candidate cultivar as tomato’s model system (Saito et al. 
2011). A large-scale tomato mutant population was previously generated in the background 
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of Micro-Tom, a dwarf and rapid-growth variety in Natural BioResource Project (NBRP) 
(Saito et al. 2011). Ethylmethane sulfonate (EMS) mutagenized including 8,598 M2 
families and 6,422 gamma-ray-irradiated M2 families were developed. The number of 
mutants classified into the 15 major categories for instant plant size, plant habit, leaf 
morphology, leaf color, flower morphology, flower color, fruit ripening, fruit size, fruit 
shape and sterility. In the fruit shape categories, mutants with imbricate fruit, variegated 
fruit and long fruit were selected (Saito et al. 2009; Saito et al. 2011). The characterization 
and isolation of the related genes will be a clue to elucidate a molecular mechanism of fruit 
shape regulation. 
 
1.4 Contemporary molecular markers 
During the past two decades, several genetic maps of the tomato genome have 
been reported, with a total of more than 2000 loci detected by restriction fragment length 
polymorphism (RFLP), randomly amplified polymorphic DNA (RAPD), amplified 
fragment length polymorphism (AFLP), cleaved amplified polymorphism sequence 
(CAPs), simple sequence repeat (SSR) and single nucleotide polymorphism (SNPs) 
markers based on the mapping of populations derived from crosses between tomato and 
related wild species (Fulton et al. 1997). Recently, Ohyama et al. (2009) developed SSR 
markers using BAC-end and cDNA sequences from tomato and mapped a total of 148 SSR 
loci onto the EXPEN 2000 map, suggesting the abundant sequence resources would allow 
for the generation of a larger number of PCR-based markers in tomato. To date, three types 
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of DNA markers, namely EST-derived SSR markers (TES markers), genome-derived SSR 
markers (TGS markers), and EST-derived intronic polymorphism markers (TEI markers), 
have been developed and mapped onto the Tomato-EXPEN 2000 map to fill in the gaps in 
knowledge within and between tomato genomics and genetics (Shirasawa et al. 2010). 
 
1.5 Objectives of this study 
1. To characterize the tomato mutant lines, Solanum lycopersicum elongated fruit1 
(Slelf1), Solanum lycopersicum elongated fruit2 (Slelf2) and Solanum lycopersicum 
elongated fruit3 (Slelf3) harboring elongated fruit morphology by histological analysis of 
the ovary and fruit structure 
2. To evaluate the inheritance pattern of the elongate fruit mutants and confirm the 
map location of the candidate genes 
3. To investigate whether the mutations of elongated fruit shape affect on 
transcript levels of cell division- and cell expansion-related genes 
 
17 
 
 
Figure 1.1 Tomato fruit shape categories reported by Rodriguez et al. (2011) of which 
adapted from UPOV (2001) and IPGRI (1996). Each fruit is identified by variety name 
(information available at http://solgenomics.net/) and presence of mutation in the SUN, 
OVATE, LC, and/or FAS genes (abbreviated as S, O, LC, and F, respectively). 
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Table 1.1 List of tomato fruit shape-associated genes 
Gene symbol Cellular/Molecular Function Reference 
FASCIATED Negative regulator in cell cycle/locule 
number and fruit size 
Barrero and 
Tanksley 2004 
LOCULE-NUMBER Negative regulator in locule number and 
fruit size and stem cell maintenance 
Muños et al. 2011 
SUN Positive regulator of growth resulting in 
elongated fruit 
Xiao et al. 2008 
OVATE Negative regulatory proteins important in 
plant growth and development 
Liu et al. 2002 
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Figure 1.2 Model of the evolution of fruit shape variation in tomato reported by Rodriguez 
et al. (2011). 
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2.1 Introduction 
Tomato (Solanum lycopersicum L.) is an important vegetable crop that is 
commercially valuable worldwide. In addition to its economic importance as a vegetable, 
the tomato has been a species of choice for studying the genetic control of fruit 
development and the determination of its shape, size and quality (Grandillo et al. 1999; 
Causse et al. 2004). During extensive breeding of tomato, selection was focus on traits 
desirable for either processing tomatoes or fresh market tomatoes, splitting tomato 
cultivation into two major industries. Processing tomatoes need to have simultaneous fruit 
ripening to allow lower costs associated with cultivation, and machinery harvesting, pilling 
easily with high sugar and total soluble solid. Fresh market tomatoes are bred for traits 
associated with consumer preference, such as long shelf life and fruit firmness, nutritional 
quality, uniform red color as well as uniform fruit size and shape (Menda et al. 2004) 
 
Mutants are the most classical and probably the most reliable genetic tool for 
accessing biological information in a living organism. Common chemical mutagen, ethyl 
methansulfonate (EMS) has frequently been used to induce point mutations in tomatoes, 
formed adducts with nucleotides caused mis-pairing with their complementary bases and 
resulting bases changes after replication (Greene et al. 2003). Gamma rays are also widely 
used, a knockout phenotype is more frequently observed compared to EMS-induced 
mutation since it usually cause large deletions or chromosome mutation up to 6 Mb (Naito 
et al. 2005). To date, the University of Tsukuba developed overall 1,819 phenotypic 
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categories were found in 1,048 mutants in the background of Micro-Tom which was 
produced by ethylmethane sulfonate (EMS) mutagenesis and Gamma-rays irradiation 
(Saito et al. 2009; Saito et al. 2011). These mutant resources are available through the 
National BioResource Project Tomato (NBRP-tomato, http://tomato.nbrp.jp/indexEn.html) 
from the TOMATOMA database (http://tomatoma.nbrp.jp/). 
 
2.2 Materials and Methods 
 2.2.1 Plant materials and growth condition 
Seeds of S. lycopersicum cv. Micro-Tom (Scott and Harbaugh 1989) were obtained 
from the National BioResource Project Tomato (NBRP-tomato, 
http://tomato.nbrp.jp/indexEn.html) from the TOMATOMA database 
(http://tomatoma.nbrp.jp/). The tomato long fruit mutant lines TOMJPE206, TOMJPE2407 
and TOMJPE839 herein named Slelf1 (S. lycopersicum elongated fruit 1), Slelf2 (S. 
lycopersicum elongated fruit 2), and Slelf3 (S. lycopersicum elongated fruit 3), respectively, 
was previously generated in the background of Micro-Tom, a dwarf, rapid-growth variety, 
by ethylmethane sulfonate (EMS) mutagenesis as previously described by Saito et al. 
(2011). Seeds of the wild-type Micro-Tom and M4 seeds of Slelf1, Slelf2 and Slelf3 were 
sown on wet filter paper and placed under continuous light for 2-3 days at 25°C to 
stimulate seed germination. Germinated seeds were then transplanted into soil and grown 
under standard greenhouse conditions.   
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2.2.2 Phenotypical characterization of the Slelf mutants 
A phenotypical characterization of both the vegetative and reproductive traits was 
performed. The dates of flowering and fruit formation were tagged. The length, diameter, 
fresh weight, locule number, and seeds number were scored. To determine if the Slelf1, 
Slelf2 and Slelf3 mutations affect the vegetative traits or plant architecture, parameters 
related to the cotyledon shape, hypocotyl and root length, leaf size and shape, and plant 
height were measured.   
 
 2.2.3 Statistical analysis 
 Comparisons between means (ANOVA and Tukey-Kramer HSD test; p = 0.05) 
were used to analyze differences between varieties. Data are presented as means ± standard 
error (SE), with a 5% level of significance (p = 0.05) by using JMP software. 
 
2.3 Results 
2.3.1 Elongated fruit mutants derived from EMS mutagenesis, isolated from 
Micro-Tom mutant collection 
The University of Tsukuba developed EMS mutagenized and gamma-ray-irradiated 
M2 families using Micro-Tom, the unique cultivar. Many mutant phenotypes were obtained 
in the screening route. In the fruit shape category, such as imbricate fruit, variegated fruit 
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and long fruit were obtained (Saito et al. 2011). In this study, we focus on the elongated 
fruit mutant which isolated from Micro-Tom mutants collection. The Slelf1, Slelf2 and 
Slelf3 mutants carried elongated fruit that exhibited clear differences in morphology when 
compared to the wild-type Micro-Tom, background variety; these morphological 
differences were observed early during fruit development, at approximately 4 day after 
flowering (DAF) (Figure 2.1). 
 
2.3.2 Characterization of the vegetative morphology 
To investigate whether the mutations affected the shape of other vegetative 
morphologies, we monitored the hypocotyls and roots seven days after germination (Figure 
2.2A), the cotyledon shape (Figure 2.2B), leaf shape (Figure 2.2C), and plant growth 
(Figure 2. 2D, E) in the Slelf1, Slelf2 and Slelf3 mutants and the wide type Micro-Tom 
(WT). As shown in Figure 2.2, we did not observe significant alterations in the overall 
vegetative morphology between the mutant and WT with the exception of leaf size of Slelf3 
(Figure 2.2C). The leaves morphology of the Slelf3 produced the detectable alteration. The 
wild type Micro-Tom leaves usually has five leaflets, with serrated borders. Each leaflets 
revealed comparable size and shape; the Slelf1 and Slelf2 formed the similar leaf structure 
as well. On the other hand, the mutation in Slelf3 line leads to reduced leaf lobing and 
decreased leaf area compared to the WT (Figure 2.3C).  Moreover, the Slelf3 unveiled 
shorter hypocotyls and roots significantly difference whereas the Slelf1 and Slelf2 revealed 
comparable length to the WT Micro-Tom (Figure 2.3A, B).  
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The plants height at 30 DAP of the Slelf1, Slelf2 and Slelf3 did not differ 
significantly to the WT (Figure 2.3D), whereas the plants at 45 DAP of the Slelf2 and Slelf3 
were slender, with longer internodes than the controls (Figure 2.2E) associated with the 
plants height at this stage of the mutant lines were significantly higher than the WT (Figure 
2.3D). 
 
2.3.3 Identification of the elongated fruit formation 
To determine whether the differences in fruit shape were accompanied by 
differences in fruit weight, fruit length, fruit diameter, locule number, and seed number per 
fruit, we evaluated these traits and compared them to the wild-type Micro-Tom variety. The 
noticeable alterations elongated fruits shape caused by the Slelf1, Slelf2 and Slelf3 mutation 
affected fruit development since early fruit at approximately 4 day after flowering (DAF) 
and demonstrated the elongated fruit shape till mature red stage (Figure 2.1). 
 
Under our growth condition, 15-30 mature red fruits from each line were used for 
all measurement. The results unveiled the mutations affected the fruit features and played 
significant roles in fruit weight, fruit length, fruit diameter, locule number, and seed 
number per fruit with the exception of Slelf1 of which does not differ from WT in locule 
number and seed number per fruit characteristic (Table 2.1). 
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The fruit from all mutant lines also had an elevated fruit shape index, the total 
length of the fruit to the diameter at its widest point, compared to the wild-type fruit (Table 
2.1) and all of them revealed the length/diameter significantly from WT. 
 
2.4 Discussion 
The Slelf1, Slelf2 and Slelf3 mutants harboring the elongated fruit morphology 
(Figure 2.1) had an increased length and a reduced diameter compared to the fruit from the 
WT, which had round fruit, suggesting that Slelf1, Slelf2 and Slelf3 promote increased 
longitudinal growth and decreased transverse growth (Table 2.1). It is well known that the 
number of seeds in the fruit is correlated with the fruit size, possibly due to the increased 
level of cell division in the fruit (Gillaspy et al. 1993). Because the locule number and seed 
number were not significantly different between the WT and Slelf1 mutant, it is likely that 
Slelf1 plays an important role in the induction of longitudinal cell division. On the other 
hand, The Slelf2 and Slelf3 mutants demonstrate reduced the number of locule along with 
diminished seed number per fruit (Table 2.1), suggesting that the Slelf2 and Slelf3 play 
significant roles in the reduction of transverse cell division and induction of cell division in  
longitudinal direction. 
 
In the examination of the vegetative structure, we have noted that Slelf1 and Slelf2 
affected fruit structures but not play significant roles in vegetative morphology with the 
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exception of plant height at 45 DAP in the Slelf2, most likely that the mutation did not 
affect asexual structures of Slelf1 and Slelf2. In contrast, the mutation in the Slelf3 
stimulated plant architecture in all parameters. Overexpression of ovate confers abnormal 
phenotypes; all floral organs were smaller than their WT. In addition, slower plant growth 
and smaller compound-leaf size correlated with the stronger overexpression line 
particularly produced rounder leaflets which serration became less apparent (Liu et al. 
2002). The responses phenotypes of the Slelf3 demonstrated disparate to ovate of which 
mainly plays a role in increased height at 45 DAP, even if, the leaf area was decrease and 
leaf lobing was reduced but Slelf3 did not produce rounder leaflets (Figure 2.3). The 
altering in leaf morphology of the Slelf3 caused the reduction of fruit size most likely due to 
the source-sink relationship (Tanaka and Fujita, 1974). 
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Figure 2.1 Morphology of the developing fruits from the wild-type Micro-Tom (WT) and 
the Slelf1, Slelf2, and Slelf3 elongated fruit mutants at 4, 10, 18, 26, 34, 42, and 50 DAF 
(days after flowering). Scale bar = 1 cm.  
 
29 
 
 
Figure 2.2 Phenotypic and vegetative structure of the wild-type Micro-Tom (WT), Slelf1, 
Slelf2, and Slelf3 mutants. (A) The hypocotyls and roots seven days after germination. Bar 
= 1 cm. (B) The seedlings of WT and Slelf1, Slelf2, and Slelf3 mutants of 2 weeks old 
seedlings. Bar = 1 cm. (C) Leaf morphology of the WT, Slelf1, Slelf2, and Slelf3 plants. Bar 
= 1 cm. (D and E) Plant morphology of the WT, Slelf1, Slelf2, and Slelf3 lines 30 and 45 
days after sowing, respectively. Bar = 5 cm.  
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Figure 2.3 Quantification of vegetative structures of the wild-type Micro-Tom (WT), 
Slelf1, Slelf2, and Slelf3 mutants (A, B) The lengths of the hypocotyls and roots seven days 
after germination. (C) Leaf area of the WT, Slelf1, Slelf2, and Slelf3 mutants (D) Plant 
height 30 and 45 days after sowing. Each color box indicated tomato lines; Red, WT; 
yellow, Slelf1; green, Slelf2; purple, Slelf3. The values represent the mean ± SE (n = 5 – 12) 
(Tukey-Kramer HSD test, P < 0.05). Different alphabets represent significantly differences. 
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Table 2.1 Morphology of the fruit formation (mature fruit) of the wild-type Micro-Tom 
(WT), Slelf1, Slelf2, and Slelf3 mutants. The data represent the mean ± SE of 15-30 mature 
fruits.  
Phenotypic WT Slelf1 Slelf2 Slelf3 
Fresh weight (g) 5.03±0.11
a
 4.39±0.12
b
 3.49±0.12
c
 3.76±0.18
c
 
Length (mm) 15.6±0.21
b
 18.5±0.48
a
 18.0±0.32
a
 17.4±0.37
a
 
Diameter (mm) 17.9±0.37
a
 15.8±0.42
b
 14.8±0.28
b
 14.6±0.37
b
 
Length/Diameter 0.85±0.012
b
 1.17±0.018
a
 1.2±0.018
a
 1.19±0.03
a
 
Locule number 3.40±0.10
a
 3.36±0.11
a
 2.66±0.11
b
 2.60±0.09
b
 
Seed number per fruit 21.93±1.3
a
 18.6±1.3
a
 12.7±0.7
b
 10.9±1.4
b
 
 
For all measurements, the different letters (a, b and c) indicate significant differences 
(Tukey-Kramer HSD test, P < 0.05). The plants were grown in the greenhouse on spring 
2012 in Tsukuba, Japan. 
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Chapter 3 
 
Inheritance pattern and the map position of  
the elongated fruit mutants 
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3.1 Introduction 
During the past quarter century, several linkage maps of the tomato genome have 
been developed with more than 20 mapping populations derived from crosses between 
cultivated tomato (S. lycopersicum) and its wild relatives, such as S. pennellii, S. 
pimpinellifolium, S. cheesmaniae, S. neorickii, S. chmielewskii, S. habrocahites and S. 
peruvianum (reviewed by Shirasawa et al. 2010). The international Tomato sequencing 
project, established in 2004, promotes structural genome analysis in tomato by sequencing 
of all 12 chromosomes. The data are published predominantly through the SOL Genomics 
Network (SGN) website (http://solgenomics.net/; Mueller et al. 2005). Currently, three 
types of DNA markers: expressed sequence tag (EST)-derived simple sequence repeat 
(SSR) markers (TES markers), genome-derived SSR markers (TGS markers) and EST-
derived intronic polymorphism markers (TEI markers) were developed. The screening 
polymorphisms ratio were used to genotype the Tomato-EXPEN 2000 mapping population, 
and a high-density genetic linkage map composed of 1,433 new and 683 existing marker 
loci was constructed on 12 chromosomes, covering 1,503.1 cM. Information on the DNA 
markers is available at http:// www.kazusa.or.jp/tomato/ (Shirasawa et al. 2010). 
 
The convenient small size, dwarf tomato variety Micro-Tom which can be planted 
very density to large scale cultivation has been widely used for functional genomic studies. 
Inspire of rapid life cycle and the existence of functional genomic tools, Micro-Tom also 
has a genetic map with DNA markers and a mutant database. (Saito et al. 2011; Shirasawa 
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et al. 2010). Additionally, ESTs and full-length cDNAs of a miniature tomato cultivar, 
Micro-Tom have been published at MiBASE (http://www.kazusa.or.jp/jsol/microtom/) and 
KafTom (http://www.pgb.kazusa.or.jp/kaftom/) (Yamamoto et al. 2005). 
 
Using a genetic mapping approach, many loci controlling tomato fruit shape have 
been positioned. A common, recurring theme in domesticated plants is the occurrence of 
pear-shaped fruit. OVATE was the first fruit shape gene to be identified by positional 
cloning (Ku et al. 1999; Liu et al. 2002). A single mutation in ovate region not only leading 
to a premature stop codon, causes the fruit shape changed from round-to pear-shaped but 
also stimulated unevenly reduces the size of floral organs and leaflets (Liu et al. 2002). The 
change in fruit shape as a result of the mutantion in OVATE occurs well before flower 
opening, as ovary shape is already clearly different from wild-type at anthesis (van der 
Knaap and Tanksley 2001). OVATE encodes a member of the Ovate Family Protein (OFP) 
and its members are characterized to function as transcriptional repressor, by contrast, a 
loss-of-function mutation in OVATE in tomato is the basic for an elongated fruit shape (Liu 
et al. 2002). Transient downregulation of and OVATE-like gene (CaOvate) in pepper also 
showed increased fruit elongation (Tsaballa et al. 2011). Therefore, OVATE and OVATE-
like genes have loss-of-function phenotypes in some vegetables and are likely to control 
fruit elongation in other plants. 
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The cloning of SUN revealed the elongated fruit phenotype is caused by 24.7 kb 
gene duplication that caused SUN to be controlled by the promoter of the defensin (DEFL1) 
gene, leading to its high expression in the fruit (Xiao et al. 2008; Jiang et al. 2009; Wu et al. 
2011). SUN encodes a protein containing the IQ67 domain. There are 33 and 29 genes 
encoding proteins with the IQ67 domain in Arabidopsis and rice, respectively (Abel et al. 
2005). Over-expression of AtIQD1 (At3g09710) leads to glucosinolate accumulation in 
Arabidopsis (Levy et al. 2005). It was recently found that AtIQD1 interacts with both 
kinesin light chain-related protein-1 (KLCR1) and also CaM/CMLs and recruits those 
proteins to the microtubules (Buerstenbinder et al. 2012). 
 
3.2 Materials and methods 
  3.2.1 Generating of the mapping populations 
To explore the genetic mapping of Slelf1, Slelf2 and Slelf3 mutants, three F2 
populations were constructed from a cross between S. lycopersicum cv. Ailsa Craig and the 
elongated fruit mutant lines. The Slelf1 F2 population consisted of 262 plants were grown in 
greenhouse during spring 2012. The Slelf2 and Slelf3 F2 populations consisted of 120 and 
128 plants, respectively, were grown in the same greenhouse during autumn 2012. For all 
three populations, eight representative fruit were harvested from each plant. Fruit were cut 
longitudinally and scanned at 200 dpi. The images were saved as JPEG files prior to fruit 
shape analyses with the Tomato Analyzer tool, as described in Brewer et al. (2006).  
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3.2.2 Fruit shape analysis by tomato analyzer software program 
The Tomato Analyzer software program version 2.1.0.0, available at 
http://www.oardc.ohio-state.edu/vanderknaap/ was used for fruit shape measurements. 
After making necessary adjustments to individual fruit in an image, analyses were 
conducted using the batch mode feature of the software application (Brewer et al. 2006). 
Fruit shape attributes; fruit length, fruit diameter and fruit shape index (the ratio between 
fruit length/diameter) were measurement. 
 
3.2.3 Mode of inheritance and allelism test 
 To investigate the inheritance pattern of the Slelf mutants, we crossed the mutant 
lines with Micro-Tom (WT) and Ailsa Craig (AC) and observed of the F2 progeny. The X
2
 
values were calculated for the F2 population. Besides, the complementation is exhibited in 
the F1 generation in order to understand the gene that contributes to one particular 
biological process, it is necessary to have a test to find out if the mutations are alleles of 
one gene or of different genes. To perform the allelism test of the Slelf mutants, M4-M5 of 
each mutant were grown in the greenhouse. Intercrossing between Slelf mutants was 
performed as well as the reciprocal cross was also managed.  
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3.2.4 Molecular analysis and PCR condition 
Total genomic DNA was isolated from young leaves that were collected in 2-ml test 
tubes, frozen in liquid nitrogen, and homogenized with a pestle. Genomic DNA was 
extracted using a Maxwell16 Tissue DNA Purification Kit (Promega). The genetic maps 
were constructed using a combination of expressed sequence tag (EST)-derived simple 
sequence repeat (SSR) markers (TES markers), genome-derived SSR markers (TGS 
markers) (Table 3.1), cleaved amplified polymorphic sequences (CAPs) (Table 3.6), and 
derived cleaved amplified polymorphic sequence (dCAPs) markers (Table 3.7). Additional 
information on all markers, including the map location and primer information, can be 
found on the Kazusa DNA Research Institute website (http://www.kazusa.or.jp/tomato/). 
The molecular linkage maps for the Slelf1, Slelf2 and Slelf3 mutant contained 80, 30 and 31 
markers across the 12 tomato chromosomes. The master mix of SSR reaction was prepared 
according to the Table 3.2 and 3.3. The reaction conditions were used for the SSR markers 
are present in the Table 3.4. Electrophoresis of the SSR markers was performed on a 10% 
polyacrylamide gel (10% PAGE) (Table 3.5). The gel was stained with ethidium bromide 
for visualization. The amplification of the CAPs and dCAPs markers were conducted by 
preparing the master mix according to the Table 3.8 and using the following conditions: an 
initial 2 min denaturation at 94°C, followed by 40 cycles of 1 min at 94°C, 1 min at 55°C, 
and 1 min at 72°C, and a 5 min final extension at 72°C (Table 3.9). The amplicons were 
incubated with the restriction enzymes for over 4 hours. 
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3.2.5 Statistical analysis 
All comparisons between the means (ANOVA and Tukey-Kramer HSD test; p = 
0.05) were used to determine the differences among the varieties. Data are presented as the 
means ± standard error (SE), with a 5% level of significance (p = 0.05) by using JMP   
software. Chi-squared (χ2) tests were performed to examine the goodness-of-fit between the 
expected Mendelian ratios and the segregation data for this mutation. 
 
3.3 Results 
 3.3.1 Frequency histogram of a fruit shape index of the F2 population crossing 
to Ailsa Craig (AC)  
The Slelf1, Slelf2 and Slelf3 F2 populations were segregated based on fruit shape, 
and their fruit shape was analyzed using the Tomato Analyzer software program. The fruit 
shape index varied widely among the parental accession. The frequency distribution for the 
fruit shape index in Slelf1 plants ranged from 0.79 to 1.30 (Figure 3.1). The Slelf2 F2 plants 
ranged from 0.81 to 1.25 and was almost within the variation of their parents (Figure 3.2), 
whereas the fruit shape index in the Slelf3 F2 plants ranged from 0.78 to 1.36 (Figure 3.3). 
 
3.3.2 Inheritance pattern of the Slelf mutants alleles 
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The mode of inheritance pattern, the regulation of genetically encoded elongated 
fruit shape traits to the offspring, were investigated by perform crossing of the three 
mutants to the Micro-Tom (WT) and Ailsa Craig (AC) and observed the F2 progeny. Slelf1 
F2 populations were segregated based on fruit shape, and their fruit shape was analyzed 
using the Tomato Analyzer software program. Fruit shape was scored as long if the fruit 
shape index was >1.0, and as round if the fruit shape index was ≤1.0. Parental-line Slelf1, 
Micro-Tom (WT) and Ailsa Craig fruit shape indices were 1.17, 0.85 and 0.82, 
respectively, whereas two distinct fruit shapes—round and elongated—were observed in 
the Slelf1 × Ailsa Craig F2 population having respective indices of 0.911 and 1.151 (Table 
3.10). As shown by the highly significant F-values (p < 0.01) in Table 3, ANOVA 
indicated that fruit shape indices of round and elongated fruits were clearly different in both 
the parental lines and the F2 population. Consequently, fruit shape index could be used to 
efficiently distinguish between round and elongated shapes in the F2 populations. Fruit in 
the Slelf1 × Ailsa Craig F2 population were scored as 66 long and 196 round fruit (χ
2
 = 
0.005, P = 0.943). The F2 population of the Slelf1 × Micro-Tom cross was separated into 13 
long and 45 round fruit (χ2 = 0.206, P = 0.649) (Table 3).  The segregation ratio of the F2 
progeny was approximately 1:3 in both the Micro-Tom and Ailsa Craig crosses, suggesting 
that the progeny inheritance pattern of the Slelf1 mutant allele was that of a monogenic 
recessive trait. 
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The fruit shape index of Slelf2 indices was 1.2 and the Slelf2 × Ailsa F2 population 
was respective indices of 0.908 round shape and 1.126 elongate shape (Table 3.10). As 
shown by the highly significant F-values (p < 0.01) in Table 3, ANOVA indicated that fruit 
shape indices of round and elongated fruits were clearly different in both the parental lines 
and the F2 population. The fruits of the Slelf2 x Ailsa Craig (AC) F2 population were 
segregated into long fruit (74) and round fruit (46) (χ2 = 11.377, P < 0.05), and fruits in the 
Slelf2 × Micro-Tom F2 population were scored as 10 long and 7 round (χ
2
 = 4.41, p < 0.05). 
The segregation ration of the F2 progeny was not fit to the hypothesis of  3 : 1 ratio, 
suggesting that the inheritance pattern of the Slelf2 mutant allele was an incomplete 
dominant (Table 3.11).  
 
The mode of inheritance of the Slelf3 mutant was investigated by crossing with WT 
Micro-Tom and Ailsa Craig cultivars. Segregation in F2 populations was scored based on 
fruit shape index. Parental-line Slelf3, Micro-Tom (WT), and Ailsa Craig fruit shape 
indices were 1.19, 0.85, and 0.82, respectively, whereas two distinct fruit shapes—round 
and elongated—were observed in the Slelf3 × Ailsa Craig F2 population having respective 
indices of 0.926 and 1.191 (Table 3.10). As shown by the highly significant F-values (p < 
0.01) in Table 3, ANOVA indicated that fruit shape indices of round and elongated fruits 
were clearly different in both the parental lines and the F2 population. Consequently, fruit 
shape index could be used to efficiently distinguish between round and elongated shapes in 
the F2 populations. The F2 population of the Slelf3 × Ailsa Craig cross was separated into 
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38 long and 90 round fruits (χ2 = 1.500, p = 0.220), and fruits in the Slelf3 × Micro-Tom F2 
population were scored as 24 long and 76 round (χ2 = 0.053, p = 0.817). Segregation ratios 
of F2 progeny were approximately 1:3 in both Ailsa Craig and Micro-Tom (WT) crosses, 
suggesting a monogenic recessive inheritance pattern for the Slelf3 mutant allele (Table 
3.11).  
 
3.3.3 Allelism test 
 In accordance with the progeny inheritance pattern of the Slelf1 and Slelf3 mutant 
alleles demonstrated a monogenic recessive trait (Table 3.11). Thereafter, we performed the 
allelism test to investigate the complementation allele of these two mutants. The result of 
intercrossing mutants between Slelf1 and Slelf3 demonstrated round fruit phenotype (wild-
type phenotype) suggesting that these two mutants are complement and caused by a mutant 
allele of difference gene (allele).  
 
3.3.4 Localize the map position of the Slelf mutants in the F2 population 
To identify genetic loci controlling fruit shape in the Slelf1, Slelf2 and Slelf3, the 
entire tomato genome were mapped in the F2 population derived from a cross between the 
mutant lines and Ailsa Craig (AC). The position of the Slelf1 mutation was mapped using 
SSR (both TES and TGS), CAPs and dCAPs markers, the F2 population from a cross 
between AC and Slelf1 mutant was used for molecular mapping. After the progeny were 
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tested, the 66 plants of the Slelf1 mapping population, which had a fruit shape index 
(length/diameter ratio) much higher than 1.0 and produced mutant phenotype, were 
classified. The genetic maps were constructed from a total of 80 markers as described in 
Table 3.1, 3.6 and 3.7 across the 12 tomato chromosomes. The TES0475 and TES1077 
markers were able to identify the map position of the Slelf1 mutation, which was located on 
the long arm of chromosome 8. The candidate gene was likely positioned between the 
3194_739 and tomInf2297 markers (Figure 3.4A left, Table 3.12,), and genotypic analysis 
identified the Micro-Tom genotype with regard to these two markers in 20 and 18 F2 plants, 
respectively, amongst the total of 25 F2 progeny with the elongated fruit phenotype . The 
other 11 dCAPs markers (Table 3.12) were used to narrow the map position from 18 cM on 
the long arm of chromosome 8 to approximately 0.2 Mb (Figure 3.4A right, Table 3.12). 
 
Additionally, the 38 plants of the Slelf3 mapping population, which produced 
elongated mutant shape and had fruit shape index (length/diameter ratio) much higher than 
1.0, were categorized. Thirty-one genetic markers were constructed and mapped to 12 
tomato chromosome of the Slelf3 F2 population. The map position of the Slelf3 most likely 
located between 16797_706 and TES0115 markers on the short arm of chromosome 7 
which in close proximity to the centromere (Figure 3.4C left, Table 3.14). The other TES 
markers, TES0482, TES0764, TES0054, TES0407 and two CAPs markers, 6700_497 and 
4047_4301, were used to narrow the map position from 45.2 cM to approximately 0.4 Mb 
(Figure 3.4C right, Table 3.14). The genotypic analysis identified the Micro-Tom genotype 
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with regard to TES0407 and 6700_497 markers in 18 F2 plants, amongst the total of 21 F2 
progeny with the elongated fruit phenotype. 
 
In contrast, the 32 F2 progeny of the Slelf2 mapping population, which produced the 
round fruit shape and had a fruit shape index (length/diameter ratio) much lower than 1.0, 
were classified. The genetic maps were constructed from a total of 30 markers, including 
SSR (both TES and TGS), CAPS, and dCAPs markers, across the 12 tomato chromosomes. 
The tomlnf6968 and 2325_361 markers were able to identify the map position of the Slelf2 
mutation, which was located on the short arm of chromosome 4 (Figure 3.4B left, Table 
3.13). The genotypic analysis identified the Ailsa Craig (AC) genotype with regard to these 
two markers in 23 and 16 F2 plants, respectively, amongst the total of 25 F2 progeny with 
the Ailsa Craig (AC) round fruit phenotype. The other 4 dCAPs markers (tomInf4424, 
tomInf3159, tomInf 2528 and tomInf2012 Table 3.13) were used to narrow the map 
position from 35 cM on the short arm of chromosome 4 to approximately 1.7 Mb (Figure 
3.4C right, Table 3.13). 
 
3.4 Discussion 
There are two major loci, OVATE and SUN, that are known to control elongated 
fruit shape. The OVATE is located on the long arm of chromosome 2, whereas the SUN is 
located on the short arm of chromosome 7. The cloning of OVATE revealed a single 
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mutation that leads to a premature stop codon in the OVATE gene, resulting in the transition 
of the tomato fruit from round to pear-shaped (Liu et al. 2002). The occurrence of a 
premature stop codon, which would likely result in a partial or complete loss of function, is 
consistent with the observed allelic interactions at the ovate locus; pear-shaped alleles are 
recessive or semirecessive to wild type round-fruited alleles (Ku et al. 1999). Thus, ORF6 
was considered as a likely candidate for the ovate gene (Liu et al. 2002). OVATE functions 
as a plant-growth suppressor and is predicted to encode a hydrophilic protein with a 
putative nuclear localization which have a broad influence on plant development, it might 
represent a previously uncharacterized class of regulatory gene family important for plant 
development (Liu et al. 2002). Moreover, two quantitative trait loci (QTLs), suppressors of 
ovate1 and 2 (sov1 and sov2) loci have been identified and mapped the location of those 
loci using progeny testing. The result confirmed that sov1 located on chromosome 10 
controlled obovoid and elongated shape, whereas sov2 located on chromosome 11 
controlled mainly elongated fruit shape (Rodriguez et al. 2013).  
 
The elongated fruit phenotype associated with SUN -found to encode a member of 
the IQ67 domain–containing family- is caused by a 24.7-kb DNA fragment duplication 
mediated by the retrotransposon Rider, a major driving force in genome evolution and gene 
duplication, resulting in phenotypic change in plants. The duplicated of SUN gene was 
placed in a new genomic context, resulting in increased expression and hence altered fruit 
shape (Xial et al. 2008). SUN mutation is unusual as it was caused by a transposable 
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elements that duplicated and transposed a gene into a different genomic environment, 
which is in contrast with more common mutations underlying phenotypic diversity such as 
SNPs in coding and/or promoter regions as OVATE gene (Liu et al. 2002). The induction in 
SUN gene expression leads to the elongation of the fruit in several tomato cultivars (Xiao et 
al. 2008; Jiang et al. 2009). 
 
In this study, we confirmed the map location of the Slelf1, Slelf2 and Slelf3 
mutations, and the candidate genes are most likely located on the long arm of chromosome 
8, short arm of chromosome 4 and short arm of chromosome 7, respectively (Figure 3.4) of 
which different from previously known loci, SUN and OVATE, unveiled novel tomatoes 
elongated fruit locus. 
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Table 3.1 Description of primer used for SSR markers 
Primer 
name 
Chr. 
Position 
(cM) 
Forward primer (5'￫ 3') Reverse Primer  (5'￫ 3') 
TES0943 1 20.035 GCTCTCCTCCCTCGACCATC TCCAGCACAAATACGTCGAA 
TGS0722 1 25.618 GTGTGGTGGATGTGATACGAAA AATTTTGCACAAGCGATGAA 
TES0303 1 32.014 GTCTTCTTCTTCTTCTTCTTCTTCTTGA CATACCAAGGGAATGATGGG 
TGS0265 1 53.845 GAACCATCACAATTTTCCTCG CACACACACACAAACACACACA 
TES1150 1 76.559 GGCAAGTGCTTTCCTTCTTG CCAATCCAGCAACAGTAGCA 
TGS0486 1 113.997 GTGTGGAATTAATTTAAGGTCGAG TTGAGTAAGTCCACATATTGCG 
TES0131 1 119.73 GTGGAACGGTGACAAACAAGA ATGAAACCCCAAAACAGGGT 
TGS0127 1 186.066 GTCAATGAACGTGCTGAATTCTT CATTGTGTATCTTCACAACTTCCA 
TGS2926 2 0 GACACATGCATAAAACGGAGC ATTAAAAGGGGGAAAACCCG 
TGS0159 2 26.603 GCCGAAAGTATGAGTCCACGA TTCATTTTTAATGTCAGCTCCA 
TGS1403 2 27.918 GTTTTCGCATAGTTTAAGGGCA CATTCACAATCTTTGCTACTTATTTTT 
TES0332 2 31.864 GCGATTTGAGAAATCAAAGATTGT AAAAATGGGAAAGCGGAACT 
TGS0686 2 41.161 GCGAGCGAACACTTTCTAAGTCA AAGCAACCATCAATCCCTTG 
TGS0162 2 76.025 GGCAACACTCAATGGTGAAA AGGGGTGGGATTGGAAATTA 
TES1149 2 108.705 GTTGACCTTTGGGGTGAAGA TCTCCGATTCATCGACATCA 
TGS0831 3 23.907 GCGTATTGTGATGGTCATATACAGTT CCCATGATTTAAGCAAAACATTC 
TGS0064 3 38.053 CCAAAACCCAAGGAATAGCA GGGAAATAAACCAAAATGAGAAGA 
TGS0254 3 48.794 GTGTTTCCAATCAAAGAGGGG AAAAAGCGAGGTTTTCACCA 
TGS1475 3 51.975 GCGTGCAAACACACTCTCAT ACCCGAGTTCAATATGGACG 
TGS0157 3 69.17 GATAATCTCCACCACCATCCG CTCGACACGTACTTTGCACG 
TES1218 3 83.729 CAAGCAAATCTCAATCTATAAATCCAT GAAACGCTTGAAAATCTCCG 
TES0530 3 90.47 GTACAAAGCACGAGGATGCAC AATCCCCTTTTGCTTTGGTT 
TES0091 3 119.93 GTCACATCAACAACAACAACAACA CAACAGGTTGCAGAAGCAAA 
TGS0150 4 38.561 GTGTTTTGCTTAGTCCCAACACA AACATGCATAACGTCTTCAAAA 
TGS1266 4 66.429 TGCAGAGCACAGAAAAGAAAAA GTAGCACTGCCAGTCGTCAA 
TES0096 4 84.566 GAGGCTAAGGCTGCCAATGTA TGGCAGATCCTATTCCCATC 
TGS1849 4 96.598 ATCGAGCTAAGCGGAGGTTT GTGGAGGGACCTTAATTGGC 
TES0722 4 99.518 GTCCAATTCCAGCTACGGTTC CGATCGATCATTCAATTCCA 
TES0591 4 111.069 GTGCTCCATAAAACCCCAAAG TCTTCCTCTTCACTGGAGGC 
TGS0984 4 121.252 GCGATTCTTGGACCCATCTGT CCTGGTTTTGATGCCGATAC 
TGS3224 5 12.243 GAGGGAAGGTGTTAGGCATCC TAGCCTTGCATGCTCAAATC 
TES0229 5 38.736 GTGACAAGATCCATAACCCCC CCCTTTCCCTCCCTCTATCA 
TGS0421 6 7.35 GAGTGCTGCATTTTTCCTGCT CTGGCTCATCGAAAGCAAAT 
TGS0588 6 95.021 GCAACAATGCAAGCGAAGAAA CCGAAGTGTATTAGAATCTGCG 
TES1008 7 11.389 GACTAGCAAAGCAGAGCGGAG AAATGGCGTTATGTCAAGGC 
TES0482 7 16.965 GTGGGATGCAGCTATGAAACA TGAACTCCAAGCCAATCCTC 
TES0054 7 39.128 GCCTCTCTTGCAAAGATTAACATTC AGGGACATGCATTTGGAGAG 
TES0764 7 47.392 GGAATCTGTATGAGCGAGGC TCTCTTACCGCACACCACAG 
TES0407 7 55.041 GCACATGTTTCAGTCCCATCG TCTTCATTGTCAAGAGGGAACA 
TES0115 7 66.472 GTCCCTGGAAGGATAGAAGCA TAAATCGACCCTGACCTTGC 
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Table 3.1 Description of primer used for SSR markers (continue) 
Primer 
name 
Chr. 
Position 
(cM) 
Forward primer (5'￫ 3') Reverse Primer  (5'￫ 3') 
TGS0713 7 100.093 GTTGACGATCATCTACCCATGA CGAGAAGCTAGCATGCCATA 
TES0475 8 55.731 GTTGGTGGAGTTTCGATGACA TGGATTTGCTATTTCTTTGTTTGA 
TES1350 8 67.074 TTCTGCTGCCTTCCTTGATT GGAATCTCGCCACTATCATCA 
TES1077 8 97.743 GAGAGGGAAAGAGGGGAAGA AATGAATCAGCTAAAGCCGC 
TES0036 9 3.561 GGACCAAGCGAAGTTGGATA CGAGTGTTTCGCTTCTCCTC 
TGS0365 9 63.971 GCTAGCGCGCCCAGTATTTTA AGGCGGTGTTTTATTCATCG 
TGS0047 9 112.879 GTTGGAGTGCAATATTTGGGT TTCGCTTAGGACAAGAATGACTT 
TGS0519 10 40.415 AACACCAAAAAGCGGTGAAC GGACCGAGCTAAGGGTATCA 
TGS0423 10 41.412 GAAGGCTCGAACTCGAGAGTAA TCAGGAGGGAATGAGTTTTGA 
TGS1556 10 76.311 GTCGGGAGAAGAAAATGGATG CGGTTCTAGATTCGGGATGA 
TES0485 10 81.898 GTTTTCACTCTACGCCGCTTT TGGATAGCCGAAGGATTCAC 
TES1388 10 83.227 GCATACCCTATGCCTTTGGA CACACACTGTGAAACCATTTTCT 
TGS1951 10 97.333 GTTTTCCGTTCGATTCCAGA CAGCAATTTGTGCTTGATCG 
TES1394 11 2.915 CTCCTCCACCCTCACCTGTA GGTGGTGGTGGTGATTTAGG 
TGS0522 11 57.08 GCAATGATTGAGGCAATGAA TGAAATCGGTGCTTATGATCT 
TES0344 11 96.085 GCCTTTTCCCACTTATATTCCTCTC ACACATACGACGTTCCGTCA 
TES0723 11 118.41 GCTGGTCCAAAAGTGGTGGAT CTTCCTTCTCGTTCTCCGTG 
TES0027 12 17.623 GAAACAACAAGTGCTGCATGG CTTTTCCATTTATCCCGTAAAA 
TGS0144 12 60.832 GAAGCAGAAGAAACTAAGGGCG ATTTGTGGCGGAAGATGAAG 
TES0471 12 74.093 GTTTTGCTGCAGTGGTGACTC CCCTGAGCTAAATAAGGGGG 
TES0317 12 90.653 GTCTCCGAGGGTGAATCAAAC TGAGTCCAATTGCAGGAACA 
TES0202 12 129.129 GTCCGTCATCAAATTCTCATTTC ACTTTGATTTCACCGCATCC 
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Table 3.2 Reaction mix for SSR markers using Bio taq enzyme 
Reaction mix       x 1 
Genomic DNA (10 ng)     1 µl 
10x NH4 buffer      1 µl 
2.5 mM dNTPs      0.8 µl 
50 mM MgCl2      0.6 µl 
Forward primer (10 µM)     0.8 µl 
Reverse primer (10 µM)     0.8 µl 
SDW        4.984 µl 
Bio taq (BIO LINE)      0.016 µl 
Total        10 µl 
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Table 3.3 Reaction mix for SSR markers using Ex-taq enzyme 
Reaction mix       x 1 
Genomic DNA (10 ng)     1 µl 
10x Ex-taq buffer      1 µl 
2.5 mM dNTPs      1 µl 
Forward primer (10 µM)     0.2 µl 
Reverse primer (10 µM)     0.2 µl 
SDW        6.55 µl 
Ex-taq (Takara)      0.05 µl 
Total        10 µl 
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Table 3.4 PCR condition of SSR markers 
Conditions       Cycles 
94 ºC  3 min      1 cycle 
94 ºC  30 sec 
         3 cycles 
68 ºC  30 sec 
94 ºC  30 sec 
        3 cycles 
66 ºC  30 sec 
94 ºC  30 sec 
62 ºC  30 sec      3 cycles 
72 ºC  30 sec 
94 ºC  30 sec 
60 ºC  30 sec      3 cycles 
72 ºC  30 sec 
94 ºC  30 sec 
58 ºC  30 sec      3 cycles 
72 ºC  30 sec 
94 ºC  30 sec 
55 ºC  30 sec      3 cycles 
72 ºC  30 sec 
 72 ºC  10 min      1 cycle 
 4 ºC  ∞   
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Table 3.5 10% polyacrylamide gel 
                 x1 
 30% acrylamide     10 ml 
 10x TBE        3 ml 
 dH2O       17 ml 
  vacuum for 10 min 
 TEMED      30 µl 
 10% APS               300 µl 
 Total volume        30.3300 ml 
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Table 3.6 List of primer used for CAPs marker and their restriction enzymes 
Primer 
name 
Chr. 
Position 
(cM) Forward primer (5'￫ 3') Reverse Primer  (5'￫ 3') 
Restriction 
Enzyme 
8181_419 1 27.847 AAATCATCATGCGAACACCA CATACGTTCATGCCACGTTC AluI 
2325_361 4 37.911 ACGACCCTTCACAGTGTTCC ACTTCACATACCCTGCGGTC XhoI 
5264_772 4 126.237 CGAAACAAAAGAGCCAAGGA CATCGACAAATTGGTTGTGC HhaI 
12619_399 5 5.652 TACTCTCCACCAAGCGGACT CAACTTGACGTGCGAGTGAT MboI 
5799_537 5 44.081 GGCGACCTGAACTACTTTGA TCTGAAGTGCCATCAAATCG MboI 
SP 6 80.385 ATGGTGGTGATCTCAGATCC CAGTGTAGATGTTCCCTGAG MvaI 
16797_706 7 9.48 ATTGGGGTTTTGAGCTGCTA ATTGGGGTTTTGAGCTGCTA AfaI 
6700_497 7 53.33 CTACCTTTGGTAAAACACCTTTATA  GGTAAAACACCTTTATACTA AluI 
4047_436 7 60.675 AAAAGAGCACAAGAACTAAGTA CCCATCAAAGGGACGTAAAG RsaI 
2404_472 8 2.144 GCGCATAAAACACAACGAAA CCTACTGTTGCCTTGGGCTA AluI 
2452_813 8 99.049 GCAACTCAGTGAAGAGTTTTCTCA ATAACAAAAGCAACTGAAGC AluI 
3194_739 8 108.942 CTAATAGCACAAATCGCGCA GTGGATTTGGAAGCTGCTGT AfaI 
18512_475 8 122.518 GGTGACTGATTCTTACAGCG GATGGAGCTGAAGTGGAAGC HhaI 
12830_271 8 124.029 CCGAGTGTGATTCGGGTCGGAT CGTTTTCTCTCCGCTTTCAC MboI 
7195_297 9 1.374 GCTGGTTCGGTGAGATTGAT TCAGAAACTCCGCAAAATCC AfaI 
11485_183 9 103.278 CTATGCTCAAATGGGGGCTA CAGGTAAAACAAAAATAGAGAGT AfaI 
12496_320 10 79.045 ACGAGCTACCACCGAAGCTA TGGCAGTTGGTAACTGAACG HhaI 
3033_96 11 10.458 TAATTCTTGGGAACCAGCCA GCAGACACCATCGTTTTCCT AfaI 
5972_1026 11 117.219 ATTAACAGCGACTGGGTTGG TCTACGTGCCTTTCCTTGCT AfaI 
15328_509 12 0 AATGTTTCAAAACCACCCCA ATGCAAGCAGGAACGTTAGG HhaI 
6139_385 12 131.316 GTGCTGCCGTTACGTTTACA CCTTGGATCATTTGCAGCTT MboI 
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Table 3.7 List of primer used for dCAPs marker and their restriction enzymes 
Primer 
name 
Chr. 
Physical 
Position 
Forward primer (5'￫ 3') Reverse Primer  (5'￫ 3') 
Restriction 
Enzyme 
Slelf1 
    
 
tomInf4436 8 58127836 AAGTGTGGTAGGTGAGTTCAT ACCCAACCATCAACAGAAGC NlaIII 
tomInf2542 8 58814423 AGCTTGGCAGAAGTCCATGT CTTATCCCCCAAGGCAGAACC NlaIII 
tomInf4440 8 58814473 TTGGCAACAAAAAGGAGAAAA GGTCGCTGGCAAAATGATCG TaqI 
tomInf2543 8 58963020 GGTAGGTATTGCTTGCTAGAGTA TCTTCACTTTCGATGCCACA RsaI 
tomInf1866 8 58980856 TCAACAGATATTTTGTCAAGC CCTTGCACCGTACCGTCTAT AluI 
tomInf3163 8 59008362 GACATCACCACCTCTGCATTT TTCAGATGGGTTGCCTTTAGC AluI 
tomInf1867 8 59008374 GACATCACCACCTCTGCATTT CCGCGAAGGGATTCAGATCG TaqI 
tomInf1868 8 60016316 TTGCCTCAGTCACATTAAGGACA TTTCAAGCGGACAGGATTTC NlaIII 
tomInf1873 8 60130374 CGATTACTGGATTGCGGTTT AAATCCCTAGCAACACTAGC AluI 
tomInf7034 8 60275315 TGGATCAAGGATTGGGATAAA GATGTTTGTTTGAGGTCTGC HhaI 
tomInf1225 8 61321943 GAACAAATTTGCGGGAGCTC TGTAACATTCAAATCACCCACAC TaqI 
tomInf1226 8 61401036 ACTTGTGCTATGATGAGACTC AAACATGCAAAACGTGCAAA TaqI 
tomInf1876 8 61401056 GACATGAACTTCCCCCTTCA TTCGATGTTCTGAAAATGTG RsaI 
tomInf1227 8 61401596 GCACTCGTCTGAAGCACTTG ATTGGAAGGATACTGAGCCC SmaI 
tomInf1235 8 61596124 GAGTGTGATTCGGGTCGGAT CGTTTTCTCTCCGCTTTCAC  MboI 
tomInf2297 8 62306503 GAGAAGACGACGATACCAAG GAGTCAACGTCTCCCCAATC StyI 
      
Slelf2 
    
 
tomInf6968 4 713725 CAAAAGGCCTCAAAGACCTAA GTTGGAATGATTGAAATTAG AluI 
tomInf4424 4 2470619 CCAAATGTCAATGTCTCAATGG GTACCCAATGTTATCACCGAT MboI 
tomInf3159 4 3504112 GCTGCCTCTAGTAAAGAGAT AGATGAAATTTCTCCTCCTCCA MboI 
tomInf2528 4 3636437 TCCCAAAAATGAGCGTTCTC  ACATAGGCCAAGAGGGGATTTA MseI 
tomInf2012 4 7217179 GGGTTTTTGGGAAGTCAGTG TGACACATTTGTTTTTGGAT MboI 
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Table 3.8 Reaction mix for CAPs and dCAPs marker using Ex-taq enzyme 
Reaction mix       x 1 
Genomic DNA (10 ng)     0.8 µl 
10x Ex-taq buffer      2.0 µl 
2.5 mM dNTPs                 1.6 µl 
Forward primer (10 µM)     0.4 µl 
Reverse primer (10 µM)     0.4 µl 
SDW                 14.7 µl 
Ex-taq (Takara)      0.1 µl 
Total         20 µl 
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Table 3.9 PCR condition of CAPs and dCAPs markers 
 Cycle   Profile    Condition 
1. (1 cycle)  Initiation denaturation  94 ºC  2 min 
2. (40 cycles)  Denature   94 ºC  1 min 
Annealing   55 ºC  1 min 
Extension   72 ºC  1 min 
3. (1 cycle)  Final extension  72 ºC  5 min 
                                                                                      4 ºC  ∞ 
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Figure 3.1 Frequency histogram of Slelf1. (A) A fruit shape index of Slelf1 F2 population 
crossing to Ailsa Craig (AC), (B) Segregation of fruit shape index of Micro-Tom (WT) and 
Slelf1. 
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Figure 3.2 Frequency histogram of Slelf2. (A) A fruit shape index of Slelf2 F2 population 
crossing to Ailsa Craig (AC), (B) Segregation of fruit shape index of Micro-Tom (WT) and 
Slelf2. 
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Figure 3.3 Frequency histogram of Slelf3. (A) A fruit shape index of Slelf3 F2 population 
crossing to Ailsa Craig (AC), (B) Segregation of fruit shape index of Micro-Tom (WT) and 
Slelf3. 
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Table 3.10 Statistical comparisons of fruit index mean values in the F2 population and 
parental lines 
Population Phenotype Genotype Fruit index F  n 
Slelf1      
P1 
P2 
Round 
Long 
RR 
rr 
0.850±0.03
a
 
1.172±0.04
b
 801.087
**
 
24 
24 
F2 
 
Round 
Long 
RR/Rr 
rr  
0.911±0.08
a
 
1.151±0.06
b
 467.141
**
 
196 
66 
Slelf2    
 
 
P1 
P2 
Round 
Long 
ee 
EE/Ee 
0.850±0.03
a
 
1.200±0.06
b
 651.999
**
 
24 
22 
F2 
 
Round 
Long 
ee 
EE/Ee 
0.908±0.06
a
 
1.126±0.06
b
 401.137
**
 
46 
74 
Slelf3 
 
P1 
 
 
Round 
 
 
RR 
 
 
0.850±0.03
a
 
 
 
659.90
**
 
 
 
24 
P2 Long rr 1.190±0.05
b
 22 
F2 Round RR/Rr 0.926±0.08
a
 
295.91
**
 
90 
 Long rr 1.191±0.07
b
 38 
Abbreviation: ANOVA, analysis of variance; P1, parent 1 (WT); P2, parent2 (Slelf1, Slelf2 
or Slelf3); RR, homozygous genotype for the WT alleles; Rr, heterozygous genotype; rr, 
homozygous genotype for the Slelf1 and Slelf3 alleles; EE, homozygous genotype for the 
Slelf2 alleles; Ee, heterozygous genotype; ee, homozygous genotype for the WT; N, 
number of plants per genotypic class. 
Different letter indicate significant difference at 5% between mean values according to t-
test. 
F value was analyzed by a single-point one-way ANOVA; ** Significant at P<0.01. 
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Table 3.11 Inheritance pattern of the Slelf1, Slelf2 and Slelf3 allele 
 
Population 
a
 F2 
Segregation 
b
 
(mutant : WT) 
χ2 
value 
c
 
p-value Inheritance pattern 
d
 
Slelf1 x Ailsa Craig (F2) 
Slelf1 x Micro-Tom (F2) 
66  :  196 
13  :  45 
0.005 
0.206 
0.943 
0.649 
monogenic recessive 
monogenic recessive 
Slelf2 x Ailsa Craig (F2) 
Slelf2 x Micro-Tom (F2) 
74 : 46 
10 : 7 
11.377 
4.41 
0.0007 
0.0357 
incomplete dominant 
incomplete dominant 
Slelf3 x Ailsa Craig (F2) 
Slelf3 x Micro-Tom (F2) 
38  :  90 
24  :  76 
1.500 
0.053 
0.220 
0.817 
monogenic recessive 
monogenic recessive 
 
a
 Slelf1, Slelf2 and Slelf3 mutant were crossed with wild-type (Micro-Tom) and Ailsa Craig. 
b
 The number of progeny exhibiting the WT (round fruit) or mutant (long fruit) phenotype 
in the F2 populations is shown. 
c
 The χ 2 values were calculated for the F2 segregation. 
d
 Inheritance pattern was estimated based on the χ 2 value and segregation pattern. Values 
were considered significant if P < 0.05 
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Table 3.12 Mapping analysis data of the Slelf1 mutant   
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
1 TES0943 1 20.035 1800965 A B H D D B D D D D D B D D B D D D D B D D D D D D D D 
2 TGS0722 1 25.618 2080224 A B H H A B A A A A 
 
H 
 
A 
 
A A 
 
A H H H A A H A A H 
3 TES0303 1 32.014 2487688 A B H C C C A C C A A C C C C A A C A C C C C A C C A A 
4 TES1150 1 76.559 72863610 A B H H B A B H A H A H A H B A A H B H A A A B H H A H 
5 TGS0486 1 114 77847245 A B H D B D D D D B B B D D D D D D B D D D D D D D D B 
6 TES0131 1 119.73 78283889 A B H D B D D D D D D B D D D D D D D D D D D B D D D D 
7 TGS0127 1 186.07 89476831 A B H B B H A C H H H H H A H H B H A H B A A H A H H A 
8 TGS2926 2 0 17286704 A B H D D D B D D D B B D D D B B B D D D D D D D D D D 
9 TGS0159 2 26.603 21183907 A B H D D D B D D D B B D D D D B B D D D D D D D D D D 
10 TGS1403 2 27.918 10543032 A B H D D D B D D D B B D D D D B B D D D D D D D D D D 
11 TES0332 2 31.864 28751080 A B H D B D B D D B B B B B B B B B B D D D D D D D D D 
12 TGS0686 2 41.161 29758230 A B H D B D B D D D D D D D D D B B D D D D D D D D D D 
13 TGS0162 2 76.025 36024518 A B H D D D B D D D D D D D D B D B D D D B B D D D D B 
14 TES1149 2 108.71 42082999 A B H A H H B H A A A H A H H H H B A A H A A A H H H H 
15 TGS0831 3 23.907 7055656 A B H A A A A A C C C A C A C A C A C A A A A A A C C A 
16 TGS0064 3 38.053 10988393 A B H C C A A C C C C C C A C C C A C C C C C C A C C C 
17 TGS0254 3 48.794 31966431 A B H C A A A C C C C A C A C A C A A A C A C C A C C C 
18 TGS1475 3 51.975 42965583 A B H D D D D D D D D B D B D B D D D D D B D D B D D B 
19 TGS0157 3 69.17 49275298 A B H A C C A A C C A C A A C C C A A C C C C A C C C C 
20 TES1218 3 83.729 56328184 A B H H H H A H H A H H H A A H B A A A H H B A H H H H 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.12 Mapping analysis data of the Slelf1 mutant (continue) 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
21 TES0530 3 90.47 56397421 A B H D D D D D D D D D D D D D B D D D D D B D D D D D 
22 TES0091 3 119.93 61279770 A B H B D D D B D D D D D D D D D D D B D D D D D D D D 
23 TGS0150 4 38.561 32873462 A B H C A A C A C C A C A A A C A A C C C A C C A C C C 
24 TGS1266 4 66.429 3191931 A B H B D D B D D D D D B D D D D B D D D D D D B B D D 
25 TGS1849 4 96.598 58669130 A B H D D D D D D D D D D D D D D B D D D D D D D D D D 
26 TES0722 4 99.518 58789305 A B H H A H H H A H H H H H A H H B H A H H H H H H H H 
27 TES0591 4 111.069 61390899 A B H H A H H H A H H H H H H H H B H A H H H H H H H B 
28 TGS0984 4 121.252 61626321 A B H D D D D D D D D D D D D D D B D D D D D D D D D D 
29 TGS3224 5 12.243 6306571 A B H D B D D D B B D D D B B B B D B D D D D B B D D D 
30 TES0229 5 38.736 8827178 A B H B B D 
 
D 
  
D D D B B B B D 
 
D D D D 
 
B D D D 
31 TGS0421 6 11.66 30774150 A B H A C C C C C C A C C C C C C 
 
A A C C C C C C A   
32 TGS0588 6 96.885 44721498 A B H A A H H H H H A H H H H H H A H H H H H H H A H A 
33 TES0018 7 59.048 5547287 A B H B B B D D D D B D D D B B D D D D D D D D D D D D 
34 TGS0713 7 100.093 61179177 A B H                                                   
35 TES0475 8 55.731 48058055 A B H B B B D B B B B D B B B D D B B B B D B D D B D D 
36 TES1350 8 67.074 51729737 A B H H 
  
H 
     
H H H H H H 
 
H H 
 
H H H 
 
H   
37 TES1077 8 97.743 57765753 A B H H B B B B H B B A B H B H B B B B A B H A B B B H 
38 tomInf0003 8   57976889 A B H D B B B B D B D D B D B D B B B B D B D D B B B D 
39 2452_813 8 99.049 57977131 A B H D B B B B D B D D B D B D B B B B D B D D B B B D 
40 tomInf4436 8   58127836 A B H H B B B B H B H H B H B H B B B B A B H H B B B H 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.12 Mapping analysis data of the Slelf1 mutant (continue) 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
41 tomInf2542 8   58814423 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
42 tomInf4440 8   58814473 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
43 tomInf2543 8   58963020 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
44 tomInf1866 8   58980856 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
45 tomInf3163 8   59008362 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
46 3194_739 8 108.942 59745304 A B H B B B B B H B H B B B B B B B B B H B B A B B B H 
47 tomInf1867 8   59008374 A B H H B B B B H B H B B H B H B B B B H B H H B B B H 
48 tomInf1868 8   60016316 A B H H B B B B H B 
 
B B B B B B B B B H B H H B B B H 
49 tomInf1873 8   60130374 A B H H B B B B H B H B B B B H B B B B H B H H B B B H 
50 tomInf7034 8   60275315 A B H H B B B B H B H B B B B H B B B B H B H H B B B H 
51 tomInf1225 8   61321943 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
52 tomInf1226 8   61401036 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
53 tomInf1876 8   61401056 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
54 tomInf1227 8   61401596 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
55 18512_475 8 122.518 61401885 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
56 tomInf1235 8   61596124 A B H H B B B B H B H B B B B B B B B B H B B H B B B H 
57 12830_271 8 124.029 61596361 A B H H H B B B H B H B B B B B B B B B H B H H B B B H 
58 tomInf2297 8   62306503 A B H H H B B B H B H B B B B B B B B B H B B A B B B H 
59 TES0036 9 3.561 732672 A B H H H A H H A H A H H B H H H H A A A H H B H B H B 
60 TGS0365 9 63.971 45192213 A B H H H A H H H H A H A H H H H H A H B B H H B H H B 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.12 Mapping analysis data of the Slelf1 mutant (continue) 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
61 11485_183 9 103.278 63818438 A B H H B H H B H B B H H B B B H H B B B B H H H B H A 
62 TGS0047 9 112.879 65569904 A B H H A A A A H H A H A H A H H H H A B H H H B B H H 
63 TGS0519 10 40.415 57328161 A B H H B H H H B H A B B H H B A B B A A H H H A B H H 
64 TGS0423 10 41.412 52517155 A B H B B D D D B D D B B D D D B D B B D D D D D B B D 
65 TGS1556 10 76.311 62677547 A B H A H H A A H B H B B A H A H A A H H B H A B H B H 
66 12496_320 10 79.045 62723526 A B H B H H A B B H A A B H A B B H B H A B H A A B H A 
67 TES0485 10 81.898 62181245 A B H H H H A H H H H B H H H A B H A A H B H A B A A H 
68 TES1388 10 83.227 61926246 A B H B H H A B B H A A B H A B B H B H A B H A A B H A 
69 TGS1951 10 97.333 62773197 A B H A H H A A H B H B B A H A H H A H B B H A B H H H 
70 TES1394 11 2.915 139088 A B H B B B H H H H H H B H H H B H H A A B B H H A A H 
71 TES0152 11 32.414 4087035 A B H C C C A A A A A A C A C C C C A A C C C C C C C C 
72 TES1039 11 48.379 7554394 A B H B B B B H H H A B B B B H B H B H A H B A A H H H 
73 TGS0522 11 57.08 13859115 A B H B B H B B H A H H B B B H H H B H A H B A H H A A 
74 TES0344 11 96.085 51419558 A B H H B H B H H A H H H B B H H A B H A H B H H H A A 
75 TES0723 11 118.41 53145528 A B H H B H B H H H A A B B B H H H H A H B B H H H A A 
76 TES0027 12 17.623 1500028 A B H H H H B A B A A B B B A H A A B A H H B H B H B B 
77 TGS0144 12 60.832 4310007 A B H H H A B A 
 
H H B B B H H H A B H H A A H B H B H 
78 TES0471 12 74.093 6356542 A B H H H A H B A B A H A H B H B B B A B A H A A A H B 
79 TES0317 12 90.653 46224807 A B H D D D D B D B B B B D B B B B B D B D D D D D D B 
80 TES0202 12 129.129 64769860 A B H H A H A A B A H H B A B A B A A B H H H B A H H A 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.13 Mapping analysis data of the Slelf2 mutant  
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
1 8181_419 1 27.847 2391547 A B H H B A B A B A B A A A H H H B A H H H H B B H A H 
2 Tomlnf4286 1     A B H H B A H A B A A A B H B H H B A H A H H A B H A H 
3 Tomlnf7256 2     A B H A A H H H H A H H B A B B B H H A B B B H A H B A 
4 TES1149 2 108.71 42082999 A B H A H H H H A A A H A H H B H B A A H B B A H H H H 
5 10431_124 3 0 70699 A B H H H B H A H B B H H A A B H A B H A H B H H H H B 
6 1622_2500 3 117.17 61026218 A B H B H B H H H H H A A A H H A B B A A H A H A H B H 
7 tomInf6968 4   713725 A B H A A A A A A A H A A A A H A A A A A A A A A A A A 
8 tomInf4424 4   2470619 A B H A A A A A A A H A A A A H A A A A A A A A A A A A 
9 tomInf3159 4   3504112 A B H A A A A A A A H A A A A H H A A A A A A A A A A A 
10 tomInf2528 4   3636437 A B H A A A A A A A H A A A A H B A A A H H A H A A A H 
11 tomInf2012 4   7217179 A B H A H A H A H A H B A A A A B A A A H H A H A A A H 
12 2325_361 4 37.911 7790889 A B H A A A H A H A H H A A A H A A A A H H A H A A A H 
13 TGS1266 4 66.429 3191931 A B H D D D D D D D D D D D D D D D D D D B D D D B D D 
14 5264_772 4 126.24 62776753 A B H B A B A A H H A H A A H H H A H H H H A H H B H H 
15 12619_399 5 5.652 4990025 A B H H 
 
H 
  
H H 
 
H H H 
 
H 
 
H 
 
H H H H 
   
H   
16 5799_537 5 44.081 59237654 A B H H H H B B H B A H B A B A A H H H H H H A H H B A 
17 sp 6 80.385   A B H D B B D B D D D B D B D B D D D B B B B D D D B D 
18 TGS0588 6 96.885 44721498 A B H A H H H H H H A A A H H H H H H H H H A H A H H H 
19 16797_706 7 9.84 181866 A B H B H B H H H A H A B H H A B H A H A H H B B H H B 
20 19921_317 7 113.07 63035007 A B H A A H B B H B H H H H H A A H B H H A H H H A B H 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.13 Mapping analysis data of the Slelf2 mutant (continue) 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
21 2404_427 8 2.144 764301 A B H H H B H H H A A A H B H B H H B B A H B A A A H H 
22 3194_739 8 108.94 59745304 A B H H B B H H B A B B H H A H H H H H B A H H A A H A 
23 7195_279 9 1.374 636025 A B H A B H A B B B H H A B A H B H H H A B A H A A A H 
24 11485_183 9 103.28 63818438 A B H H B H H B H B B H H B B B H H B B B B H H 
 
B H A 
25 12496_320 10 79.045 62723526 A B H H A H H H B H B H B H H H H H A H H B H A H H H B 
26 TES1388 10 83.227 61926246 A B H B B H B H A B H A A B H A B H H A B B H A A B H A 
27 3033_96 11 10.458 1360575 A B H H H A H H B H B A A B B A H H H H B B H B B A H H 
28 5972_1026 11 117.22 53131156 A B H B B H B H H B B A B B A A H A B B B H H H B B H A 
29 15328_509 12 0 100420 A B H H H H A H H H B H B A B H B H H H B H B A B B H B 
30 TES0317 12 90.653 46224807 A B H B D B B B B B D B D D D D D D B D D D D B D B B B 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.14 Mapping analysis data of the Slelf3 mutant 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
1 8181_419 1 27.847 2391547 A B H B H A H H H B B H H B H H H H B H H H H H 
2 TomInf4286 1   534498 A B H B A H H H A H H H H A A A A H H B H H H H 
3 TomInf7256 2   15699297 A B H A H H A B H B H H A A H H H B B A H B A H 
4 TES1149 2 108.705 42082999 A B H A A H A A A H H H H A A A H A H H H H B H 
5 10431_124 3 0 70699 A B H H H H H H H B H B H H B B H H H B H B H B 
6 1622_2500 3 117.167 61026218 A B H H H A H A H B B B H H B H A B B H H H H H 
7 2325_361 4 37.911 7790889 A B H A H H H H A A A H H H B B B A H B H B H B 
8 5264_772 4 126.237 62776753 A B H B B A H H B B B H B B H H A H B H H B H B 
9 12619_399 5 5.652 4990025 A B H H B H B A A H H H H H H A A B A B H A B H 
10 5799_537 5 44.081 59237654 A B H B H A A B B H H B H H H B H A H A H A H A 
11 sp 6 80.385   A B H D D D D D B D D B D D D B B D B B D B D B 
12 TGS0588 6 96.885 44721498 A B H A A A H H H H H H H H H A H A H H H H A H 
13 16797_706 7 9.84 181866 A B H B B B H H B H B H B B H B B H B H B B B B 
14 TES0482 7 11.389 1104921 A B H B B B H H B H B H B B H B B H B H B B B B 
15 TES0764 7 47.392 2650094 A B H B B B A H B H B B B B H B B B B H H B B B 
16 TES0054 7 39.128 3189151 A B H B B B H B B B B B B B H B B B B H H B B B 
17 TES0407 7 55.041 3992237 A B H B B B B B B B B B B B H B B B B H H B B B 
18 6700_497 7 53.339 4389701 A B H B B B B B B B B B B B H B B B B H H B B B 
19 4047_436 7  0.675 54595184 A B H B B B H H A H H H A B H B B B B H H B A B 
0 TES0115 7  6.472 55289203 A B H B B B H H A H H H A B H B H A B H H B A B 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Table 3.14 Mapping analysis data of the Slelf3 mutant (continue) 
No. Primer  Chr. cM Physical  AC MT  F1 F2 
  name 
 
  position       1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
21 19921_317 7 113.074 63035007 A B H H H H H H A H H H A B B B H A B B B H A B 
22 2404_427 8 2.144 764301 A B H B A H H H A H A A A H A H A H H H A H H A 
23 3194_739 8 108.942 59745304 A B H H B H H H H A H H A A B A H 
 
H H A H H A 
24 7195_279 9 1.374 636025 A B H H A A H A H B A B H H B A B H B H H H H A 
25 11485_183 9 103.278 63818438 A B H H A H B B H A H H B H B B H H H B H H B H 
26 12496_320 10 79.045 62723526 A B H B H H A B B H A A B H A B B H B H A B H A 
27 TGS1951 10 83.227 61926246 A B H A H H A A B B H B B A H B H H B H B B H A 
28 3033_96 11 10.458 1360575 A B H A H H H H B B H H H B H B H H B H H H H H 
29 5972_1026 11 117.219 53131156 A B H H H B H H H H H A B H H H H H B B H H H H 
30 15328_509 12 0 100420 A B H B H A A B H B A H A H H H H H H A B H A B 
31 TES0202 12 90.653 46224807 A B H H A H A A B A H H A H H A B A A B H H A B 
 
Chr.: Chromosome, cM: centimorgan, AC: Ailsa Craig, MT: Micro-Tom,  
A: Ailsa Craig, B: Micro-Tom, H: Hetero, C: Micro-Tom or Hetero, D: Ailsa Craig or Hetero 
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Figure 3.4 Chromosome positions of the Slelf1, Slelf2 and Slelf3 mutants. Rough-maps 
were generated accompany with SSR, CAPs and dCAPs markers. (A) The candidate locus 
of Slelf1 are located on the long arm of chromosome 8 (B) The candidate locus of Slelf2 are 
positioned on the short arm of chromosome 4 (C) The candidate locus of Slelf3 are located 
on the short arm of chromosome 7. The genetic distances are expressed in centimorgans 
(cM) and megabases (Mb). 
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Chapter 4 
 
Histological analysis and Microscopic observation of pistils  
and fruits formation 
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4.1 Introduction 
Varieties of fruit shape mutants have been isolated in tomato and characterized for 
the fruit development by histological observation (Wu et al. 2011). In tomato, the cell 
division activity in the ovary stops when it has reached its mature size at the end of flower 
development. After a few days, successful completion of pollination and fertilization occur, 
and cell division activity resumes (Gilaspy et al. 1993). The tomato fruit is composed of 
different tissues: the pericarp (flesh), which is subdivided in to exocarp, mesocarp, and 
endocarp; the placenta; the septum; and the locules, which are filled with jelly and seeds 
(Bertin 2005; Mintz-Oron et al. 2008). Cell number, cell size, and endoreduplication play 
important roles in controlling the size of plant organs, such as the fruit (Cheniclet et al. 
2005). Fruit growth stops at the mature green stage when the fruit obtains its final size, 
which is both genetically and environmentally determined (Chevalier 2007). 
 
For many tomato varieties differences in fruit size are established by the time of 
flowering, and the size of the ovary becomes a good predictor of the final size of the fruit. 
Indeed, clear differences are evident at a much earlier stage, when the ovary primordium is 
just beginning its development (Grandillo et al. 1999). Szymkowiak and Sussex (1992) 
have shown that in tomato the floral meristem size and carpel number is determined by the 
number of cells of the internal layer (L3) in the shoot apical meristem. A developmental 
analysis of size and shape conducted on seven tomato varieties and the tomato (S. 
pimpinellifolium) indicated that shape in tomato is essentially determined by flowering, and 
that at post-anthesis there is only slight added divergence since width increases a little 
faster than length (Houghtaling, 1935). 
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In this study, we microscopic observed of flower and pistil development in order to 
further evaluate whether changes in the elongated fruit shape in the Slelf1, Slelf2 and Slelf3 
mutants occurred prior to or after pollination. We performed a time course comparison of 
flower and pistil development from approximately -8 DAF to 2 DAF in the Slelf1, Slelf2 
and Slelf3 and the Micro-Tom (WT) and microscopic observation of the ovary shape. 
Moreover, we stated the histological analysis of elongated ovaries and fruits formation in 
order to explore the cellular basic of the Slelf mutant fruits; we evaluated the thickness of 
the pericarp, and the number of cell layers in these tissues as well. 
 
4.2 Materials and methods 
 4.2.1 Time course comparison of floral development  
The wild-type Micro-Tom (WT) and the Slelf1, Slelf2 and Slelf3 M4-M5 seeds were 
grown on soil under standard greenhouse conditions. The date of flowering was tagged for 
the time course observation of flower development at -8, -6, -4, -2, 0, and 2 days after 
flowering (DAF) (Figure 4.1). The flowers were carefully separated for ovaries remaining 
(Figure 4.2) and viewed under an Olympus SZX10 stereo-microscope, Olympus 
Corporation, Shinjuku, Tokyo, Japan. The micrographs were captured using an Olympus 
DP73 camera at 1728 dpi. Contrast was adjusted using a computer program (Adobe 
Photoshop CS3 Extended, Adobe Systems Inc., USA). 
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4.2.2 Histological analysis  
Pistils and fruit pericarps were collected from flower buds at -8, -6, -4, -2, 0, and 2 
DAF (Figure 4.1) and from fruit 10 DAF. The tissues were fixed in FAA (3.7% 
formaldehyde, 5% acetic acid, and 50% ethanol), vacuum infiltrated twice for 15 min each, 
and left overnight. The fixed tissues were dehydrated with t-butyl alcohol in a step-wise 
manner by serial incubation in increasing concentrations of t-butyl alcohol: 10%, 20%, 
35%, 55%, 75%, and 100% unified with 40%, 50%, 50% 45%, or 25% ethanol, 
respectively. Each step took around 1 day of incubation at room temperature, and the 
tissues were embedded in paraffin (Paraplast, Sigma-Aldrich, Steinheim, Germany). The 
embedded tissues were sliced into 10–16-µm sections. Paraplasts were removed with 
xylene, and the sections were hydrated, stained with 0.1% toluidine blue in sodium 
phosphate buffer, pH 7.0, and viewed under an Olympus BX53 microscope, Olympus 
Corporation, Shinjuku, Tokyo, Japan. The micrographs were captured using an Olympus 
DP73 camera at 1728 dpi. Contrast was adjusted using a computer program (Adobe 
Photoshop CS3 Extended, Adobe Systems Inc., USA). 
 
 4.2.3 Statistical analysis 
All comparisons between the means (ANOVA and Tukey-Kramer HSD test; p = 
0.05) were used to determine the differences among the varieties. Data are presented as the 
means ± standard error (SE), with a 5% level of significance (p = 0.05) by using JMP   
software.  
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4.3 Results 
 4.3.1 Microscopic observation of flower and pistil development  
The quantification of ovary diameter and ovary length revealed that in the 
transverse direction, the diameters of the ovaries of all mutants were not different from the 
WT ovary (Figure 4.3A). In contrast, the Slelf1 ovary was longer in the longitudinal 
direction than the WT ovary and somehow significant lower than WT (Figure 4.3B). The 
ovary shape index (length to diameter ratio at the widest point) indicated round-shaped 
ovaries until 6 days before flowering (DBF), after which the ovaries of the Slelf1 began to 
elongated (Figure 4.3C).  
 
4.3.2 Histological analysis of elongated ovaries 
According to the results of microscopic observation confirmed the ovaries of all 
mutants were significantly longer than the WT ovary at approximately -4 DAF, so that we 
further described the longitudinal section of the ovaries of the Slelf1, Slelf2 and Slelf3 
mutants at this criteria stage (-4 DAF) by histological analysis compared to the wild-type 
Micro-Tom (WT), nonetheless, the ovary at the -8 DAF and 0 DAF (anthesis) were also 
illustrated (Figure 4.4). Histograph unveiled the elongated ovaries-shape of the Slelf1 and 
Slelf3 mutant line was mainly extended into the proximal region as indicated in the white 
arrow. The ovary of the Slelf2 mutant line was also revealed an elongated shape, however, 
at the proximal region was not predominantly elongated as found in the Slelf1 and Slelf3 
but demonstrated the elongation of all the ovary shape particularly in the locule tissue 
(Figure 4.4) 
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4.3.3 Histological analysis of fruit formation 
A previous study showed that changes in fruit shapes associated with SUN, one of 
the major loci known to regulate elongated fruit shape, were controlled by the 
rearrangement of the fruit mass due to increased cell division in the longitudinal direction 
and decreased cell division in the transverse direction of the fruit (Wu et al. 2011). To 
explore the tissue and cellular basis of the Slelf1, Slelf2 and Slelf3 mutant fruits, we 
evaluated the thickness of the pericarp, as well as the number of cell layers in these tissues. 
Fruit were collected from the Slelf1, Slelf2 and Slelf3 and the WT plants at the immature 
green fruit stage, approximately 10 DAF. The difference in the fruit shape index 
(length/diameter ratio) between the mutant lines and the WT plants was dramatically 
increased during the early stages of fruit formation, then decreased afterward (data not 
shown).  Xiao et al. (2009) reported the effects of SUN on fruit formation at the immature 
green fruit stage (7 DAF), when the difference in the fruit shape index between the near-
isogenic lines was at its maximum level. We determined the pericarp thickness and the 
number of cell layers of the fruit in designated 3 areas (Figure 4.5). Quantification of the 
pericarp thickness in these 3 areas showed that a difference in tissue morphology was 
clearly observed in the mesocarp of the proximal region (area C), as the proximal regions of 
the Slelf1, Slelf2 and Slelf3 fruits were much more elongated than the WT fruit (Figure 4.5 
and Table 4.1). In addition to the differences in mesocarp thickness in the proximal region, 
there were also a significant increase in the number of cell layers in these regions of the 
Slelf1, Slelf2 and Slelf3 fruits (Figure 4.5 and Table 4.1). In contrast, the mesocarps in area 
B of the mutant fruits were significantly reduced when compared with the WT fruit (Table 
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4.1). This suggested that the proximal region (area C) is the key sector of the elongated fruit 
in the Slelf1, Slelf2 and Slelf3 mutants. 
 
4.4 Discussion 
Tomato fruit development starts with the initiation of ovary growth, which is 
induced by pollination and fertilization events (Gilaspy et al. 1993). Several phases can be 
recognized during fruit development, and the period of cell division continues for 10-14 
days. During the following 6-7 weeks, cell division activity is low, and fruit growth mainly 
depends on cell expansion. At the end of this cell-expansion period, the fruit has reached its 
final size and will begin to ripen (Gilaspy et al. 1993). Our study unveiled that the changes 
in the elongated fruit shape in the Slelf1, Slelf2 and Slelf3 mutants occurred prior 
pollination. The ovaries of all mutant plants began to elongate during the early stages of 
floral development, as early as 4 day before flowering (DBF) (Figure 4.3), and showed 
obvious signs of an elongated ovary in the proximal region (Figure 4.4). 
 
Cheniclet et al. (2005) reported that the increase in pericarp thickness became 
detectable at 4DPA and most likely correlated with endoreduplication, the DNA replication 
without intervening mitosis leading to an increase in the ploidy level, which is mainly 
regulated by cell division (mitotic index) and cell growth (cell expansion). Histographs of 
10 DAF fruits from the Slelf1, Slelf2 and Slelf3 mutants clearly demonstrated the elongation 
of the pericarp of proximal region (Figure 4.5 areaC), although the cell size in this area was 
likely smaller than the cells of the WT plant (Figure 4.5 areaC). In general, the cell in the 
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exocarp are smaller than the mesocarp cells, because the exocarp is the tissue in which new 
cell layer arise due to periclinal cell divisions (Czerednik et al 2012). However, we could 
not observe the significant difference in the exocarp thickness between wild type and 
mutant lines with the exception of Slelf3 mutant. In the wild type, the cell divisions most 
likely completed before 10 DAF, while the cell division still occurs in the pericarp up to 10 
DAF in the mutant lines. Furthermore, there was a significant increase in the number of cell 
layers in the proximal region (area C) (Table 4.1). This increase in cell layer number and 
contain more cell than WT fruits in the proximal region of the Slelf1, Slelf2 and Slelf3 mark 
a longer period in cell division activity. 
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Figure 4.1 Morphology of the flower bud at -8, -6, -4, -2, 0, and 2 DAF of the wild-type 
Micro-Tom (WT) and the Slelf1, Slelf2 and Slelf3 mutants. Scale bar = 5 mm. 
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Figure 4.2 Morphology of the ovary at -8, -6, -4, -2, 0, and 2 DAF of the wild-type Micro-
Tom (WT) and the Slelf1, Slelf2 and Slelf3 mutants. Scale bar = 5 mm. 
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Figure 4.3 Time course comparison of the ovary diameter, ovary length and ovary shape 
index at -8, -6, -4, -2, 0, and 2 DAF of the wild-type Micro-Tom (WT) and the Slelf1, Slelf2 
and Slelf3 mutants. The values represent the mean± SE of 3 ovaries. 
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Figure 4.4 Histological analysis of longitudinal sections of the developing pistils from the 
wild-type Micro-Tom (WT) and the Slelf1, Slelf2 and Slelf3 mutants plants at -8, -4 and 0 
DAF. Bar = 100 µm.  
 82 
 
 
Figure 4.5 Histological analysis of longitudinal sections of the pericarp in 3 designated 
areas of the wild-type Micro-Tom (WT): Area A (distal), Area B (middle), and Area C 
(proximal) and the Slelf1, Slelf2 and Slelf3 mutants of immature green fruit (10 DAF). Bar 
= 500 µm.  
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Table 4.1 Comparison of pericarp thickness and number of cell layers in the wild-type 
Micro-Tom (WT) and the Slelf1, Slelf2, and Slelf3 mutants. Immature green fruits, 10 day 
after flowering, were used to quantify the pericarp thickness and the number of cell layers. 
The data represent the means ± SE of 4 fruits.  
Parameter WT Slelf1 Slelf2 Slelf3 
Pericarp thickness (mm)     
 
Exocarp area A (distal) 
Exocarp area B 
Exocarp area C (proximal) 
 
0.12±0.004
a
 
0.12±0.006
a
 
0.14±0.004
a
 
 
0.1±0.007
a
 
0.09±0.01
ab
 
0.13±0.008
ab
 
 
0.11±0.004
a
 
0.09±0.002
ab
 
0.10±0.005
bc
 
 
0.09±0.010
a
 
0.08±0.008
b
 
0.09±0.007
c
 
 
Mesocarp area A (distal) 
Mesocarp area B 
Mesocarp area C 
(proximal) 
 
1.97±0.19
a
 
1.83±0.17
a
 
2.14±0.28
b
 
 
2.11±0.35
a
 
1.27±0.14
b
 
3.22±0.21
a
 
 
2.05±0.11
a
 
1.11±0.12
b
 
3.11±0.02
a
 
 
2.27±0.42
a
 
1.09±0.07
b
 
3.74±0.21
a
 
 
Number of cell layer 
    
Area A (distal) 
Area B 
Area C (proximal) 
11±1.0
a
 
11±0.58
a
 
13±1.0
b
 
12.5±0.95
a
 
10.5±0.5
a
 
16.5±0.96
a
 
13.0±0.58
a
 
9.5±0.96
a
 
16.0±0.82
a
 
12.5±0.50
a
 
9.5±0.50
a
 
17.5±0.50
a
 
 
For all measurements, the different letters (a, b and c) between the WT, Slelf1, Slelf2, and 
Slelf3 plants indicate statistically significant (Tukey-Kramer HSD test, P < 0.05).  
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Chapter 5 
 
The effect of Slelf mutation on transcript levels of cell division- 
and expansion-related genes 
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5.1 Introduction 
 
Tomato fruit development starts with the reinitiation of ovary growth, induced by 
pollination and fertilization events (Picken, 1984; Gilaspy et al., 1993). During fruit 
development several phases can be recognized: initially the fruit diameter increases due to 
cell division activities, which rapidly amplify the number of cell layers in the pericarp, 
followed by a growth phase caused by cell expansion. The expansion phase is accompanied 
by endoreduplication; that is, a multiplication of the genome without mitosis, leading to an 
increase in DNA content per cell, which can reach up to 256C at the end of fruit growth 
(Bergervoet et al., 1996). Fruit growth stops at the mature green stage, when the fruit 
obtains its final size, which is both genetically and environmentally determined (Chevalier, 
2007). 
 
Growth of the tomato fruit, like any other growing organ of the plant, is intimately 
associated with the cell cycle. The cell cycle is regulated with strong checkpoints at the 
Gap1 (G1) to Synthesis (S) transition and at the Gap2 (G2) to Mitosis (M) transition. The 
family of cyclin-dependent protein kinases (CDKs) is a major mechanism for the control of 
cell cycle progression and plays a crucial role in cell division control (Inzé and De Veylder 
2006). So far, plant cyclins have been classified into five major groups (A-D and F), of 
which CDKA and CDKB are the most prominent and numerous classes. Only a few mutants 
with altered CDKB expression have been reported. In Arabidopsis, the changes in the 
activity of the CDKB protein have led to several meristematic defects (Andersen et al. 
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2008). In tomato, only CDKB1.1 and CDKB2.1 were indentified (Chevalier 2007), the 
overexpression of these B-type CDK genes results in smaller cells and fewer cell layers in 
the pericarp (Czerednik et al. 2012). Furthermore, expansins are plant cell-wall loosening 
proteins involved in cell enlargement (cell expansion). Four families of expansions are 
currently recognized in plants from the most well known and largest families are described; 
α-expansin (EXPA), β-expansin (EXPB), expasin-like A (EXLA) and expansin-like B 
(EXLB) (Sampedro J and Cosgrove DL 2005). In tomato, the changes in cell division and 
cell expansion required tight regulation both at the level of gene activity and translation, 
which is mediated by phytohormones such auxin and gibberellins (GA) (Jong et al. 2010).  
To investigate whether the mutation of elongated fruit shape affect on transcript levels of 
cell division- and cell expansion-related genes, we determined the expression level of the 
fruits pericarp in the designed 3 areas following the microscopic analysis. 
 
5.2 Materials and methods 
5.2.1 RNA extraction and cDNA synthesis 
Total RNA was extracted from the frozen tomato plant tissue. The cotyledons at 2 
weeks old seedling and stems at 7 day after germination were collected. The flowers were 
carefully separated organs into sepals, petals, ovaries and anthers. The fruit pericarp was 
divided into the designed 3 areas following the histological analysis (Figure 4.5). The 
cotyledons, stems, floral organs and fruit pericarps were extracted for total RNA using the 
RNeasy Plant Mini Kit (Qiagen) according to the supplier’s instructions. RNA 
concentration and quality were analyzed using a nano-drop equipment. The total RNA (400 
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ng) was used to synthesize single-stand cDNA using the SuperScirpt VILO cDNA 
synthesis kit (invitrogen). The qRT-PCR experiments were performed using a Takara 
Thermal Cycler Dice Real-Time System with SYBR Premix Ex TagII (Takara). 
 
5.2.2 Quantitative real-time PCR analysis 
Quantitative RT-PCR was used for the examination and quantification of cell 
division, cell expansion and auxin-related genes. The qRT-PCR was performed using a 
Takara Thermal Cycler Dice Real Time System. Quantization was established using the 
Syber green detection method. The gene-specific primer SlCDKB2.1, SlEXPA5, SlARF7 
and SlIAA9 (Table 5.1) were designed so that there would not be primer dimerization, and 
the amplification curves of the genes were parallel.  
 
PCR reaction involved template cDNA sample (Table 5.2), advantage SYBR 
Premix Ex Taq II. The expression was determined by comparing the concentration of 
SlCDKB2.1, SlEXPA5, SlARF7 and SlIAA9 genes with those of the housekeeping gene 
SAND (accession No.SGN-U316474) according to the methods of Rodriguez et al. (2008). 
Serial dilutions of the templates were used to create a concentration curve. For the PCR 
amplification, the cDNA was denaturaed at 95ºC for 30s in the first cycle, followed by 40 
cycles of denaturing for 5s, primer annealing at 60ºC for 10s and extension at 72ºC for 15s 
(Table 5.3). Abundance of each gene was referred to as the relative ration of threshold 
cycle (Ct) value in this system. The Ct values between the SAND gene and the specific 
genes and their standard deviation were calculated for each sample. 
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 The quantification of genes expression was estimated with this equation: 
       
       
  
                        
  
                     
   
 Where E corresponded to the efficiency of amplification of the target gene (a value 
from 0 to 1 that represented the number of amplification products generated during each 
cycle of the reaction per molecule of target sequence, which derived from the standard 
curve) Ct = threshold cycle (Ct) and “control” represented the calibrator sample. 
 
5.3 Results 
To support the histological data, ovaries and fruits pericarp accompanied with 
cotyledons, stems, sepal, petal and anther were used for total RNA extraction to analysis 
the transcript level of genes involved in cell division and expansion. We determined the 
expression level of the fruits pericarp in the designed 3 areas following the microscopic 
analysis (Figure 4.5). 
 
5.3.1 The effect of Slelf mutation on transcript level of SlCDKB2.1 cell division-
related gene 
The SlCDKB2.1 expression was detected in cotyledon, stem, sepal, petal, ovary, 
anther and immature fruit pericarp. The mRNA level of this gene increased after 
pollination, and subsequently decreased during the later stages of fruit development. In 
Slelf1, the mutation affected the cell division in sepal, ovary and fruit development showing 
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strongly expressed in the fruit pericarp (area B and C) at 4 DAF and reduced the expression 
level afterward. At fruit 10 DAF, the detectable expression in the pericarp of SlCDKB2.1 
was very low, however, Slelf1 still demonstrated high expression level compared to the WT 
in all 3 regions (Figure 5.1A). 
 
In Slelf3, the transcript level of the SlCDKB2.1 in the mutant line demonstrated 
much higher expression compare to the WT and was correlated with the cotyledon, sepal, 
petal, ovary, anther and fruit development perceived to reach their maximum at the ovary 
and fruit 4 DAF predominantly in the distal and proximal region (area A and C), the peak 
of the mutant line were more than 50% of that found at a similar stage in the WT (Figure 
5.1A). 
 
5.3.2 The effect of Slelf mutation on transcript level of SlEXPA5 cell expansion-
related gene  
The transcript levels of cell expansion-related gene encoding for an expansin 
precursor, SlEXPA5 in the Slelf1 and Slelf3 mutants were detected in cotyledon, stem, 
sepal, petal, and immature fruit pericarp and revealed very low expression in the ovary of 
the two mutants and WT. This cell expansion relates gene can also be detected in leaves but 
not in roots (Brummell et al. 1999). The mRNA level of SlEXPA5 was increased after 
pollination confirming the results of Vriezen et al. (2008) and revealed lower expression 
levels compared to the WT. However, at the stage of fruit 10 DAA in the proximal region 
(area C), the expression of Slelf3 was much higher than in the WT (Figure 5.1B). Brummell 
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et al. 1999 reported that, the mRNA level of this gene was present in expanding fruit but 
shows the highest levels in full-size maturing green fruit and declined during the early 
stages of ripening. Our results showed that the mRNA level of SlEXPA5 in the Slelf1 and 
Slelf3 mutants revealed lower transcription level to the WT and demonstrate comparable 
level of fruit pericarp 4 DAF to 16 DAF.  
 
5.3.3 The effect of Slelf mutation on transcript level of auxin-related genes  
It is well known that the plants hormone auxin stimulate cell division during the 
early stage of fruit development, the expression of B-type CDK, The family of cyclin-
dependent protein kinases (CDKB) might be controlled directly by auxin.  In order to 
estimate the effect of the Slelf mutation on auxin-related genes to fruit development, the 
transcription level of auxin-related gene were performed. IAA9 is a member of the 
Aux/IAA gene family and acts as a transcriptional repressor of the signaling pathway of the 
plant hormone auxin (Guilfoyle and Hagen 2007). Auxin response factors (ARFs) are 
encoded by a gene family of transcription factors that specifically control auxin-dependent 
development process (Jong et al. 2010). The transcriptional mechanism controlled by auxin 
is based on the binding of transcriptional activators, ARFs, to auxin response elements in 
the promoter of downstream genes. In the absence or at low levels of auxin, ARFs dimerize 
with Aux/indole-3-acetic acid (IAA) proteins that function as transcriptional repressors. In 
Slelf mutant, the transcript level of the ARF7 demonstrated much higher expression 
compare to the WT in the ovary and decrease afterward with comparable level to the WT 
(Figure 5.2A). IAA9 transcript level was very low in the ovary and increased afterward with 
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the maximum at fruit 4 DAF. The expression of Slelf mutant lines were much lower than in 
the WT (Figure 5.2B), suggesting that in the Slelf1 and Slelf3 mutants, auxin most likely to 
enhance cell division activity.  
 
5.4 Discussion 
Expression analyses of genes involve in cell division and expansion by quantitative 
real-time PCR showed that the expression of SlCDKB2.1 cell cycle gene in the ovary and 
fruit pericarp were increased compared to the WT particularly in the proximal region (area 
C) of the pericarp fruits (Figure 5.1A). Protein phosphorylation is a major mechanism for 
the control of cell cycle progression, and in particular the family of cyclin-dependent 
protein kinases (CDKs) play a crucial role in cell division control (Inzé and De veylder, 
2006).  SlCDKB2 is predominant expressed in the pericarp during the early developmental 
stages, when mainly cell division takes place and decrease gradually during later stages till 
completely abolished at the mature green stage (Joubes et al. 2001; Czerednik et al. 2012). 
In tomato fruit, CDKB genes are highly expressed up to 15 days after flowering and 
afterwards the expression ceases, suggesting that they play an important role in the cell 
cycle progression during the division phase (Joubes et al. 2001). In Arabidopsis plants 
overexpressing a dominant negative CDKB1.1 version have cells with a higher 4C/2C ratio 
in various tissues due to a premature exit from the mitotic cycle and entry into the 
endoreduplication cycle (Boudolf et al. 2004). Moreover, previous research found that the 
changes in the activity of the CDKB proteins have led to several meristematic defects 
(Proceddu et al. 2001; Andersen et al. 2008).  
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Furthermore, SlEXPA5, the cell expansion-related gene encoding for an expansin 
precursor increased after pollination (Figure 5.1B) confirmed the results of Vriezen et al. 
(2008). The mRNA level of this gene was present in expanding fruit but had the highest 
levels in full-size maturing green fruit and declined during the early stages of ripening 
(Brummell et al. 1999). Our results showed that the mRNA level of SlEXPA5 in the Slelf1 
and Slelf3 mutants revealed lower transcription level to the WT and demonstrate 
comparable level of fruit pericarp up between 4 DAF and 16 DAF. Moreover, Solanum 
lycopersicum ARF7 (SlARF7) transcript known to increase during flower development, 
remains at a constant high level in mature flowers, and is down-regulated within 48 h after 
pollination (Jong et al. 2009). Our results demonstrated the high expression level of 
SlCDKB2.1, cell division gene and SlARF7, auxin response gene at the mature flowers and 
early fruits developmental stages suggesting that in the Slelf1 and Slelf3 mutants, auxin 
most likely to enhance cell division activity. 
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Table 5.1 Primer sequences used for real-time quantitative PCR analysis of cell division- , 
cell expansion- and auxin-related genes of tomato 
Gene 
Accession number    Forward (F) and reverse (R) primer sequences  
 
SlCDKB2.1     F 5'-ATGCTGGTAAGAGTGTATCGG-3' 
AJ297917.1    R 5'-CGGAGAGTAGTTGGAGGAAC-3'  
 
SlEXPA5    F 5'-AAGGGTTCAAGAACTCAATGGCAAC-3' 
AF059489.1    R 5'-ACCATCGCCTGTAGTGACCTTAAAG-3' 
 
SlARF7    F 5'-CTGTCTAAGTACAAAGGCAATAA-3' 
EF121545    R 5'-GAAGGTAGAATGTTCCTAGAATG-3'  
 
SlIAA9     F 5'-TCTATGGCTTCTTCAACTTC-3' 
AJ937282    R 5'-CAGATAGACCCATATAGTTTCG-3'   
 
SAND     F 5'-TTGCTTGGAGGAACAGACG-3' 
U316474    F 5'-GCAAACAGAACCCCTGAATC-3' 
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Table 5.2 Reaction mix for cDNA synthesis and Quantitative RT-PCR analysis 
Expreiment Reaction mix x 1 
cDNA synthesis 
 
 
 
SuperScript®VILO™MasterMix  
4 µl 
 RNA (up to 2.5 µg) x µl 
 DEPC-treated water to 20 µl 
   
Quantitative RT-PCR analysis  
 cDNA  x µl  
 2x SYBR Premix Ex TaqII (Takara) 10 µl 
 MQ water to 20 µl 
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Table 5.3 PCR condition for SlCDKB2.1, SlEXPA5, SlARF7, SlIAA9 and SAND 
amplification in quantitative RT-PCR 
Cycle Profile Conditions 
1. (1 cycle) Initiation denaturation 30 sec at 95ºC 
2. (40 cycles) Denature 5 sec at 95ºC 
 Annealing 30 sec at 60ºC 
 Extension 15 sec at 72ºC 
3. (1 cycle) Final extension 5 min at 72ºC 
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Figure 5.1 Relative transcript level of cell division and expansion–related genes, 
SlCDKB2.1 and SlEXPA5 in developing wild-type Micro-Tom (WT), and the Slelf1 and 
Slelf3 mutant in cotyledon, stem, sepal, petal, ovary, anther, and developing fruits at 4, 10, 
and 10 DAF. Standard errors are indicated (n = 3) 
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Figure 5.2  Relative transcript level of auxin-related genes, SlARF7 and SlIAA9 in 
developing wild-type Micro-Tom (WT), and the Slelf1 and Slelf3 mutant in cotyledon, 
stem, sepal, petal, ovary, anther, and developing fruits at 4, 10, and 10 DAF. Standard 
errors are indicated (n = 3) 
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Chapter 6 
 
General discussion and conclusion 
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6.1 The mutation affects fruit features and correlated with several vegetative 
attributes 
The Slelf1, Slelf2 and Slelf3 mutations were analyzed for their roles in controlling 
long fruit shape. During examination of the morphology of vegetative and fruit formation, 
we noted that the Slelf1 and Slelf2 mutations affected fruit structures by significantly 
influencing fresh weight, fruit length, fruit diameter, locule number, and seed number per 
fruit, but did not alter vegetative structures, with the exception of plant height at 45 DAP of 
the Slelf2 mutants. In contrast, the mutation in Slelf3 stimulated all plant architecture 
parameters, except for plant height at 30 DAP (Table 1). The Slelf2 and Slelf3 mutations 
promoted longitudinal growth, decreased horizontal growth, and reduced the number of 
locules, and accordingly diminished seed numbers per fruit. In addition to altered fruit 
formation, Slelf-3 decreased leaf area, increased height at 45 DAP, and reduced leaf lobing. 
Micro-Tom (WT) leaves usually have five leaflets with slightly notched leaf margins, 
leaves of the reduced auxin sensitive mutant diageotropica (dgt) present severe hyponasty 
led to the characteristic altered gravitropic response and reduced number of lateral roots 
(Oh et al. 2006). In the ethylene-overproducing mutant epinastic (epi) which produced 
curled downward leaves resulted in plant with barely visible stems and also showed the 
exaggerated stem thickening and root branching (Fujino et al. 1988). Nonetheless, the 
response phenotypes of Slelf3-increased height and reduced leaf lobing- are very similar to 
the reported in a DELLA mutant due to its constitutive GA expression (Carvalho et al. 
2011). In addition, to gain deeper insight into possible roles of GA regulation, however, an 
expression analysis of GA response genes in plant tissues is needed. 
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6.2 Genetic approach of regulatory genes controlling elongated fruit mutants 
Based on fruit shape, tomatoes have been classified into eight categories (IPGRI 
1996; UPOV 2001). In a study of the evolution of fruit shape diversity, the allele 
distribution of SUN, OVATE, LC (LOCULE NUMBER), and FAS (FASCIATED) genes was 
strongly correlated with the UPOV and IPGRI fruit shape classifications (Rodriguez et al. 
2011). In our study, mapping of the Slelf1, Slelf2 and Slelf3 mutants were accomplished 
using the Tomato-EXPEN 2000 map along with a combination of SSR, CAPs, and dCAPs 
markers (Shirasawa et al. 2010). Our results suggested that the Slelf1 casual gene was 
positioned within a 0.2-Mb interval on the long arm of chromosome 8, the candidate gene 
of Slelf2 was placed between 1.7-Mb on the short arm of chromosome 4, the Slelf3 
candidate gene was localized within an approximately 0.4-Mb region on the short arm of 
chromosome 7 (Figure 3.4). Genome-wide identification of SUN and OVATE family 
protein reported 31 putative SlOFP (Solanum lycopersicum OVATE family protein) 
encoding the OVATE domain and 34 SlSUN (SUN-like genes) were reported on 12 
chromosome of tomato. Genome mapping analysis demonstrated that the SlOFP and 
SlSUN genes were enriched on the top and/or bottom of several chromosomes. One of the 
OVATE-like genes (SlOFP16) accompany with a few of SlSUN genes (SlSUN22, SlSUN23, 
and SlSUN24) were described in the long arm of chromosome 8 (Huang et al. 2013). The 
physical position of SlOFP16, SlSUN22, SlSUN23, and SlSUN24 have described on the 
tomato WGS Chromosomes (SL2.40) publicizing SL2.40ch08:54495235…54496749, 
SL2.40ch08:49582645…49584764, SL2.40ch08:60928845…60932810, and 
SL2.40ch08:62923263…62925544, respectively (SGN http://solgenomics.net) (Huang et 
al. 2013). This revealed different position to the Slelf1 mutation of which located between 
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tomInf1225 and tomInf1235 markers within SL2.40ch08:61321943…61596124 physical 
position. Moreover, sequence analysis of the OVATE genomic region was performed (data 
not shown), and the results indicated that the Slelf1 line does not contain a mutation in the 
OVATE coding sequence. 
 
Rough mapping of the Slelf2 indicated the candidate genes most likely located on 
the short arm of chromosome 4 (Figure 3.4B). One of the IQD/SUN genes families, 
SlSUN12 were described in the long arm of chromosome 8 (Huang et al. 2013). The 
physical position of SlOFP12 has described on the tomato WGS Chromosomes (SL2.40) 
publicizing SL2.40ch04:7305326…7308804. This revealed different position to the Slelf2 
mutation of which positioned between tomInf6968 and tomInf4424 markers within 
SL2.40ch04:713725…2470619 physical position. 
 
In addition, SUN resides in a region of the tomato genome on the short arm of 
chromosome 7 that carries small-scale insertions originated from chromosome 10. The 
Slelf3 was investigated to located on the short arm of chromosome 7 (Figure 3.4C), 
however, the physical position of SUN and Slelf3 were not relative. The physical position of 
SUN gene is SL2.40ch07:2395262 and reveals 1,266 bp with 4 intron, whereas, the Slelf3 
unveiled the physical position between TES0407 marker and 6700_497; 
SL2.40ch07:3992237…4389701 approximate 0.4 Mb in length. 
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Accordingly, we concluded that the Slelf1, Slelf2 and Slelf3 mutants are likely to be 
different from previously known loci for affecting fruit shape, which is probably not under 
the direct control of either OVATE or SUN. So far, we are further indentifying the possible 
of candidate genes by MutMap analysis, the genome sequencing of gene isolation using a 
cross of the mutant to wild-type parental line (Abe et al., 2011). In summary, our study on 
the Slelf1, Slelf2 and Slelf3 mutants obviously approaches the role to the fine mapping and 
breakthrough the casual genes controlling elongated fruit shape in tomato. 
 
6.3 The proximal region is the key sector for fruit elongation in the Slelf mutant 
In this study, we characterized Slelf1, Slelf2 and Slelf3 mutants in the background 
of Micro-Tom, a semi-dwarf tomato variety with round fruits. These three EMS-induced 
mutants exhibited an elongated fruit shape and elongated pistils, the latter observation 
based on a time-course comparison of pistil development that revealed a predominantly 
long shape at 4 day before flowering (DBF) (Figure 4.2 and 4.3). Histological observation 
revealed that the elongated ovary shape of Slelf2 at −4 and 0 DAF was due to longitudinal 
expansion, whereas the Slelf1 and Slelf3 ovary were greatly altered in the proximal region 
(Figure 4.4). Over-expression of SUN reportedly stimulates ovary elongation and is 
positively correlated with slender phenotypes in cotyledons, leaflets, and floral organs (Wu 
et al. 2011). In addition, the effects of increased SUN expression after pollination can be 
observed in developing fruit at 5 DAF, which corresponds to the cell division stage of fruit 
development (van der Knaap and Tanksley 2001; Xiao et al. 2009). 
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In the ovary, auxin likely accumulates in the micropyler pole of the embryo sac in 
the ovule 6 days before anthesis and is finally localized to the inner and outer surfaces of 
the ovary wall during anthesis (Ariizumi et al. 2013; Pattison and Catala 2012). These facts 
suggest that auxin acts within specific cell types in the ovary. Thus, the Slelf mutants are 
most likely regulated by auxin and are stimulated in specific tissues of the ovary (Figure 
5.2), particularly in the proximal region.  However, the situation of auxin action in the 
ovary has not been clearly validated.  
 
6.4 The mutation effect elongated fruit mutants correlated to cell division activity 
To analyze the manner in which Slelf mutations regulate elongated fruit 
development; we performed the expression analyses of cell division-, cell expansion- and 
auxin-related genes. Tomato fruit is composed of different tissues the exocarp, mesocarp, 
and endocarp, and the placenta, septum, and locules, as well as jelly and seeds (Bertin 
2005; Mint-Oron et al. 2008). Tomato fruit organogenesis is influenced by the relationship 
between cell division and cell expansion, two processes that respectively determine fruit 
cell number and relative cell size (Chevalier et al. 2011). The high expression level of 
SlCDKB2.1, cell division gene and SlARF7, auxin response gene at the mature flower and 
early fruit developmental stages suggesting that in the Slelf1 and Slelf3 mutants, auxin most 
likely to enhance cell division activity. 
 
Moreover, to understand significantly overrepresented function categories in cell 
division activity in elongated fruit phenotype, comparison of the global pattern of gene 
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expression and hormone response would be deliberate. The other cell division- and 
expansion-related genes for instant SlCycB1.1 cell-cycle gene, SlPec-cell expansion related 
gene- encoding for a pectatelyase and an endo-xyloglucan transferase (SlXTH1) as well as 
the other plant hormone such as gibberellin are considered to breakdown the kind of 
proteins encode the Slelf mutant. 
 
In summarize, the mutation controlling Slelf1, Slelf2 and Slelf3 resulted in the 
elongated ovaries and fruits phenotype. The Slelf2 mutant verified the elongation of all the 
ovary shape not only at proximal region but particularly in the locule tissue. In contrast, the 
Slelf1 and Slelf3 mutant, several pieces of evidence demonstrate that the flower bud and 
fruit 10 DAF expanded particularly in the proximal region (area C). The transcript level of 
cell division and expansion relates genes suggested the mutation most likely regulated the 
cell division activity and reached their maximum expression at fruit 4 DAF predominantly 
in the proximal region (area C). Our study on the elongated fruit mutants obviously 
approaches the role to the fine mapping and breakthrough the casual genes controlling 
elongated fruit shape in tomato.  
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Summary 
Tomato (Solanum lycopersicum L.) display a variety of shapes from round to pear, 
plum, oxheart, bell-pepper and elongated shape. Genes controlling fruit morphology offer 
important insights into the patterns and mechanisms that determine organ shape and size. In 
this study, we characterized a tomato mutant harboring elongated fruit morphology by 
histologically analyzing its fruit structure and genetically analyzing and mapping the causal 
gene. A large-scale tomato mutant population was previously generated in the background 
of Micro-Tom, a dwarf and rapid-growth variety, by ethylmethane sulfonate (EMS) or 
gamma-ray mutagenesis (Saito et al., 2011). The tomato long fruit mutant lines 
TOMJPE206, TOMJPE2407 and TOMJPE839 herein named Slelf1 (S. lycopersicum 
elongated fruit shape1), Slelf2 (S. lycopersicum elongated fruit shape2), and Slelf3 (S. 
lycopersicum elongated fruit shape3), respectively, was isolated from the EMS 
mutagenized population. Histological analysis of the Slelf1 and Slelf3 mutant revealed 
dramatically increased elongation of the proximal region of the ovary and fruit, whereas 
Slelf2 verified the elongation of all the ovary shape. We observed round shaped ovaries 
until 4 days before flowering (DBF), after which the ovaries began to elongate. 
Furthermore, we determined the pericarp thickness and the number of cell layers of the 
fruits in 3 designated areas, and we found that the mesocarp thickness, as well as the 
number of cell layers, in the immature green fruits were increased in the proximal region 
(C), making this the key sector of the elongated fruit. The transcript level of cell division 
and expansion relates genes suggested the mutation most likely regulated in the cell 
division activity, the mRNA level of the mutants demonstrated high level compare to the 
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WT in the ovary and developing fruit and reached its maximum expression at fruit 4 DAF 
predominantly in the proximal area.  
 
Moreover, we developed three intra-specific F2 populations crossing to Ailsa Craig 
(AC), the related cultivated variety in order to detect polymorphism. The inheritance 
patterns were described as the single recessive for the Slelf1 and Slelf3 and incomplete 
dominant for the Slelf2. The map location confirm that the candidate genes of the Slelf1 
mutant was located on the long arm of chromosome 8 approximately 0.2 Mb, the candidate 
genes of the Slelf2 mutant was positioned in the short arm of chromosome 4 in the 
interval  1.7 Mb and the candidate genes of the Slelf1 mutant was located on the short arm 
of chromosome 7, within   0.4 Mb close to centromere and are likely to be different from 
previously known loci for affecting fruit shape unveiled novel tomatoes elongated fruit 
shape locus. 
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Appendix 
 
Lycopersicon esculentum ovate protein mRNA, complete cds 
LOCUS  AY140893   1059 bp    mRNA    linear   PLN 01-OCT-2002 
DEFINITION Lycopersicon esculentum ovate protein mRNA, complete cds. 
ACCESSION AY140893 
VERSION AY140893.1  GI:23429648 
KEYWORDS    . 
SOURCE Solanum lycopersicum (Lycopersicon esculentum) 
ORGANISM Solanum lycopersicum 
 Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
 Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
 asterids; lamiids; Solanales; Solanaceae; Solanoideae; Solaneae; 
 Solanum; Lycopersicon. 
REFERENCE 1  (bases 1 to 1059) 
AUTHORS Liu,J., Van Eck,J., Cong,B. and Tanksley,S.D. 
TITLE  A new class of regulatory genes underlying the cause of pear-shaped 
tomato fruit 
JOURNAL Proc. Natl. Acad. Sci. U.S.A. 99 (20), 13302-13306 (2002) 
PUBMED 12242331 
REFERENCE 2  (bases 1 to 1059) 
AUTHORS Liu,J., Van Eck,J., Cong,B. and Tanksley,S.D. 
TITLE  Direct Submission 
JOURNAL Submitted (14-AUG-2002) Plant Breeding, Cornell University, 245 
             Emerson, Ithaca, NY 14850, USA 
FEATURES Location/Qualifiers 
Source  1..1059 
                     /organism="Solanum lycopersicum" 
                     /mol_type="mRNA" 
                     /db_xref="taxon:4081" 
                     /chromosome="2" 
                     /map="TG131-TG645" 
                     /tissue_type="preanthesis flower" 
CDS  1..1059 
                     /note="determines the formation of pear-shaped fruit" 
                     /codon_start=1 
                     /product="ovate protein" 
                     /protein_id="AAN17752.1" 
                     /db_xref="GI:23429649" 
                     /translation="MGKSLKLRFSRVIASFNSCRSKNPSSLPQNPNFFPHKLTSTKHI 
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                     SPDFPLIDQNQNQNHRNYVPESTMISVGCCRSEFKWEKEEKFHVVSSSFVSEEEECEE 
                     EINLALRPPLTPPRFSRIVVEKKKKKQQRVKKTKTKSRIIRMSTSSADEYSGILSGTN 
                     TDWDNNEEETESLVSSSRSCYDFSSDDSSTDFNPHLETICETTTMRRRHKRNANTKRR 
                     SIKQSRPSFSSSKGRRSSVSTSSDSELPARLSVFKKLIPCSVDGKVKESFAIVKKSQD 
                     PYEDFKRSMMEMILEKEMFEKNELEQLLQCFLSLNGKHYHGVIVEAFSDIWETLFLGN 
                     NDRVRRMSIHDPTPTYCR" 
ORIGIN       
        1 atgggaaaaa gtttgaagct tcggttctcc agagttattg cttctttcaa ttcgtgccgt 
       61 tcgaaaaacc cttcttctct tccccaaaat cctaatttct tcccacataa gctcactagt 
      121 acaaaacaca tttcccccga tttccctctt attgatcaaa atcaaaatca aaatcaccgt 
      181 aattacgtgc cagaatccac gatgatctcc gttgggtgtt gtagatcaga attcaagtgg 
      241 gagaaagaag agaagtttca cgtggtttct agttccttcg tgtctgaaga agaagaatgt 
      301 gaagaggaga tcaatttggc cttacgacct cctcttacac ctccgcgatt cagtagaatt 
      361 gttgttgaga agaagaagaa gaaacaacag cgagttaaaa aaacgaaaac aaaaagtaga 
      421 atcatccgaa tgagtacttc ctcagctgat gagtacagcg ggatattaag cggtactaat 
      481 actgattggg ataataatga agaggaaact gaatctttag tttcatcttc cagaagctgt 
      541 tacgatttct caagcgatga ctcatctact gatttcaacc ctcacttaga aaccatatgt 
      601 gagaccacta caatgaggcg tcgtcacaag agaaatgcca acaccaagag gagatcaatc 
      661 aagcaatcca gaccaagttt ttcctcttca aaaggtagaa gatcgtcggt ttctacgtca 
      721 tcagatagcg agctaccggc aaggttatcg gtgtttaaga agctgatacc gtgtagtgtg 
      781 gatgggaaag tgaaggagag tttcgcgata gtgaagaaat ctcaggaccc gtacgaagat 
      841 ttcaagagat cgatgatgga aatgatttta gagaaggaaa tgtttgagaa gaatgagctg 
      901 gaacagcttt tacaatgttt tctgtcgttg aacggaaagc attatcatgg agtgatagtt 
      961 gaggcgttct cagacatttg ggagactttg tttttaggta ataatgatag agtaaggagg 
     1021 atgtcaattc atgatcccac acccacctac tgtaggtag 
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Solanum lycopersicum putative calmodulin binding protein SUN (SUN) mRNA, 
complete cds 
LOCUS  EU491503  2066 bp    mRNA    linear   PLN 19-MAR-2008 
DEFINITION Solanum lycopersicum putative calmodulin binding protein SUN (SUN) 
mRNA, complete cds. 
ACCESSION EU491503 
VERSION EU491503.1  GI:169793983 
KEYWORDS    . 
SOURCE Solanum lycopersicum (Lycopersicon esculentum) 
ORGANISM Solanum lycopersicum 
 Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
 Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
 asterids; lamiids; Solanales; Solanaceae; Solanoideae; Solaneae; 
 Solanum; Lycopersicon. 
REFERENCE 1  (bases 1 to 2066) 
AUTHORS Xiao,H., Jiang,N., Schaffner,E., Stockinger,E.J. and van der Knaap,E. 
TITLE  A retrotransposon-mediated gene duplication underlies morphological 
variation of tomato fruit 
JOURNAL Science 319 (5869), 1527-1530 (2008) 
PUBMED 18339939 
REFERENCE 2  (bases 1 to 2066) 
AUTHORS Xiao,H. and van der Knaap,E. 
TITLE  Direct Submission 
JOURNAL Submitted (15-FEB-2008) Horticulture and Crop Sciences, The Ohio 
State University, 1680 Madison Ave., Wooster, OH 44691, US 
FEATURES Location/Qualifiers 
Source  1..2066 
                     /organism="Solanum lycopersicum" 
                     /mol_type="mRNA" 
                     /db_xref="taxon:4081" 
                     /chromosome="7" 
                     /note="identical gene located on chromosome 10" 
     gene            1..2066 
                     /gene="SUN" 
     CDS             147..1412 
                     /gene="SUN" 
                     /note="determines the formation of elongated and pointed 
                     tomato fruit; fruit shape protein; contains IQ67 domain" 
                     /codon_start=1 
                     /product="putative calmodulin binding protein SUN" 
                     /protein_id="ACA81532.1" 
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                     /db_xref="GI:169793984" 
                     /translation="MGKRRNWFTFVKRLFIPETESTADQKKPKRWRCCFLRKFKLRKC 
                     PAITSAPQQTLPEAKGTPQQTLTEAKEQQRKHAFAVAIATAAAAEAAVAAANAAADVI 
                     RLTDAPSEFKRKRKQAAIRIQSAYRAHLAQKALRALKGVVKLQAVIRGEIVRGRLIAK 
                     LKFMLPLHQKSKTRVNQIRVPTFEDHHDKKLINSPREIMKAKELKLKCKSLSTWNFNL 
                     ASEQDSEALWSRREEAIDKREHLMKYSFSHRERRNDQTLQDLLNRKQNRRSYRIDQLV 
                     ELDAPRKAGLLEKLRSFTDSNVPLTDMDGMTQLQVRKMHRSDCIEDLHSPSSLPRRSF 
                     SNAKRKSNVDDNSLPSSPIFPTYMAATESAKAKTRSNSTAKQHLRLHETLSGQHSPYN 
                     LKISSWRLSNGEMYDSARTSRTSSSYMLI" 
ORIGIN       
        1 ccacatggaa caacaaaaca acactattat tattattatt caagaatcac tagcaagact 
       61 ggttaattaa tgttaccaaa ttttgcatgt ccttcaaatt gatcattttt agtcaccctt 
      121 tcctacaatt gcactaggac tattgaatgg gaaagcgaag aaactggttt acctttgtca 
      181 agagactttt cattcctgaa acagaatcaa cagcagatca aaagaaacca aagagatgga 
      241 gatgttgttt tctgagaaag ttcaagttga ggaaatgtcc tgctataaca tcagcacctc 
      301 agcaaacgtt acctgaggcg aaaggaacac ctcagcaaac gttaactgag gcgaaagaac 
      361 agcaaagaaa acatgctttt gcagttgcta tagcaacggc agcagctgct gaggctgctg 
      421 tagctgctgc taatgctgct gctgatgtta ttcgtctaac agatgctcca agtgaattca 
      481 aaaggaaacg caaacaagct gctattagaa tccaaagtgc ttatcgcgct cacctggccc 
      541 agaaagcatt aagggctcta aagggtgttg tgaagcttca agcagtgatt agaggtgaaa 
      601 ttgtgagagg aagactcatt gccaaactga agttcatgtt gccacttcat caaaagtcaa 
      661 aaacaagagt taatcaaatt agagtcccta cttttgaaga tcatcatgac aagaaactca 
      721 tcaatagtcc aagggaaatt atgaaagcta aagaactaaa gcttaaatgc aagagcctta 
      781 gcacttggaa tttcaactta gcttcagaac aagacagtga agccttgtgg tcaagaagag 
      841 aagaagccat tgacaaaaga gagcatttga tgaaatactc gttttcacat cgggagagaa 
      901 gaaacgatca aactctacaa gacttactaa acagaaagca aaacagaaga agctacagga 
      961 ttgaccagtt agtagaactt gacgcaccaa gaaaagcagg gttgttagag aaattgagat 
     1021 catttacaga ctcaaatgtt cctctaactg atatggatgg aatgacacag cttcaagtga 
     1081 gaaaaatgca tagatcagat tgtatagagg acctacattc tccttcttca cttccaagaa 
     1141 gatcattttc taatgcaaaa cgaaaatcaa acgttgatga taactcatta ccaagttctc 
     1201 ctatatttcc tacttacatg gcagccacag aatctgcaaa ggcaaaaaca aggtcaaaca 
     1261 gcacagcgaa gcaacaccta aggttacacg agacattgtc aggtcaacat tctccttata 
     1321 acctcaagat ttcttcttgg agattgtcta atggtgaaat gtatgacagc gccagaacaa 
     1381 gcagaacttc tagcagttat atgttaatat agaaggtgtt ttacaaggat tgaagaacat 
     1441 gagtgttgta cattattact atctttgata acgaagtgtc caagccggtt tgctctcacc 
     1501 tctgctagtt caccgagtgt tgttaacttc tacaagtacc agtaccagta ctaggtaact 
     1561 ctgttcacca aagatgaatg tgtacattat caacctgttt atgcaagcaa gggagcgcag 
     1621 aaactcctag atttgcagca ttacttctgg acatgaaaac aatcagaaaa atggagctat 
     1681 tattggagct tcaaacttct tcagtaatct atctacagtt gattgatgaa agattactgg 
     1741 ttttaacact tttttatata gacttgccac aatgtgtata tatagttcaa gtttttttcc 
     1801 ctttccctgt ttgttttccc ttgtttcatt tatttattga tttgtaaagt tgtttccatg 
     1861 agaccaggag gtcacagggg taagattctg tacaatagac catatggtct cgagccttca 
     1921 ccagaccgca catagcgggg agcttagtgc actgggctgt tgttcttttt tttttttttt 
     1981 gcttctgagt tgatatactg gaggaagaat tgttgtttga tggccattca cctggaagca 
     2041 tttccaagtt tggtaattgc atagag 
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